VIBRATIONAL ASSIGNMENTS FOR SOLID MALONIC ACID: KINETICS

OF THERMAL DECARBOXYLATTON AND REACTIONS
OF MALONIC ACID IN AIKALI HALIDES

Dissertation

Submitted in Partial Fulfillment
of the Requirements for the Degree of
Doctor of Philosophy
in the A
Faculty of the Graduate School
of
West Virginia University

N70-71255

]
o
pd (ACCESSION

NU}I
E ' RUMBER) (THRU)
£ =
E (P
5 AGES) (CODE)
3 0 754/
: o —

(NASA CR OR TMX OR AD NUMBER) (CATEGORY)
. .
by

Lowell Allen Cosby, B. S.

Morgantown
West Virginia
1969

Most of the work described in this dissertation
was supported by NASA NsG 533 (NGL 49-001-001)




VIBRATIONAL ASSIGNMENTS FOR SOLID MALONIC ACID: KINETICS
OF THERMAL DECARBOXYLATION AND REACTIONS

OF MALONIC ACID IN AIKALI HALIDES

Dissertation

Submitted in Partial Fulfillment
of the Requirements for the Degree of
Doctor of Philosophy
in the
Faculty of the Graduate School
of
West Virginia University

by
Lowell Allen Cosby, B. S.

Morgantown
West Virginia

1969



ii

ACKNOWLEDGMENTS

The author would like to thank his research director, Dr. G. L.
Humphrey, for his patient guidance throughout the course of this
research., Thanks are due also to his committee whose suggestions
aand criticisms aided greatly in this research.

The author would also like to thank Mr. Robert Smith, electronics
technician for the Department of Chemistry, whose abilities kept
operative the instruments used in this research.

Acknowledgment is due the National Aeronautics and Space Administra-
tion for their support of a large portion of this research in the form
of NsG-533(NOW NGIL49-001-001)., The author would also like to thank
the Department of Chemistry at West Virginia University for their
support during the remainder of the time spent on this project. Thanks
are also due the National Science Foundation for a grant which allowed
the purchase of the Beclkman IR-12 Spectrophotometer which was extensive-
ly used in this research.

The author owes an immeasurable debt of gratitude to his
parents, whose unending encouragement and continual prayers enabled

the attainment of the honor.



iii

PREFACE

This dissertation consists of four separate sections: general
introduction and experimental section, and three separate parts each
of which contains a bibliography. Part I deals with an assigument
of the infrared gbsorption bands of malonic acid to the fundamental
vibrational motions of the molecule by use of a simplified symmetry
spproach. Part II deals with a study of the double decomposition
reactions between malonic acid and various alkali halide calts used
as the reaction media. Part III presents kinetic Aata obtained for
the thermal decarboxylation of malonic acid in KBr and RbBr and
discusses the significance of the activation parameters obtalned from

the data.



TABLE OF CONTENTS

AC MOWLEDGI‘/JENTS L] L] ® o ® @ <8 ° L ° s L] L] Ll ° [} L] @ e L] L] L] ° e

PREFACE .

TABLE OF

CONTENTS ] s 8 L] ¢ -0 L [} ® Ll ° L] a L] ¢ ® ] ® Ll L] L] ° L4

:L IS T OF TABL% [ e & ° L4 ° ° 8 L] L [ [ o ] L] L] L ] L] L] L L [ [

LIS T OF F IGURES . ® e [ ® ° € ] [ ] . L e ] e ® ® ° L) ° ° ® L] L]

GENERAL INTRODUCTION AND EXPERIMENTAL ¢ o o s o o o s ¢ o s o &

Introduc tio‘rl L[] L] Ll ° L] ° e L4 ° e e L] o 8 ® o e L] L4 e L] L]

Experimental . . . o & & &

PART I:

PART II:

Sources of materials
Instruments o s« s .o o
Pellet preparation + =« o o o » o s o o &« o o

e © ®
e @ o
® e ®

°
e © ©
e ®© o
o © ©
o o
[
°©
[
e
°
e
e
« o
e o e e
e o © e

AN INFRARED SPECTRAL ASSIGNMENT OF THE ABSORPTION
BANDS IN CRYSTALLINE MALONIC ACID ¢ & o o ¢ o o ¢ o o

Introduction and Literature Survey » « =« ¢ o o o o
Specific Experimental Procedures s o o » o« o s ¢ o o o
Results and Discuséion ¢« & 5 s« 5 5 6 8 s o 8 o o 8 o w
Bibliography + « o o s o o s ¢ s s s s s« 6 ¢ o o s o s

A STUDY OF THE REACTIONS OF MALONIC ACID WITH VARIOUS
ALKALI HALIDE MATRICES [ ] L] Ll ° e [ ] L] € [ L] L] e L] ® e ]

Introduction and Literature Survey o ¢« ¢ o« s s o o o o
Results and Discussion « ¢ s« o s o s o o o o s o o s o
Specific Experimental Procedures . : o s« ¢ o ¢ s ¢ o o

Bibliographyeannoonaaaeoc-eo-o-ee

iv

PAGE

ii
iii
iv
vi

ix

W N —

o

10
25

26
26
28

61



TABLE OF CONTENTS (Continued)

PAGE
PART IIT: THE KINETICS OF THERMAL DECARBOXYIATION OF MALONIC
ACID IN KBr AND RbBr ¢ « ¢« o ¢ s s » o o 58 s a o o o & 62
Introduction and Literature Survey « + o « « s s o « o 62
Specific Experimental Procedures . « s s s « s ¢ o o » 64
Results and Discussion ¢ « + s ¢ o ¢ ¢ « 5 o ¢ s & o o 66
Bibliography « « o ¢ o o o ¢ o o o 8 o o 3 8 8 0 o o @ 121
APPENDIX o o 4 o o v o o o o v o s o o o o s s o s o o o o s s 123

ABS TRACT L @ ® L] L 2 e [ ] L] L L] L “ ® ® [ ] € & ® L L ® ® L] [ ® ¢ ¢ 13 7
VITA [ L . 1] ® L L] ] e L ® ® e L] L L] ® & [ L 14 L] L L4 ® o L] [ ] ® 13 9
APPROVAL OF THE EXAMINING COMMITTEE . & o o o s s o o s s s s o 140



vi

LIST OF TABLES

TABLE PAGE

I-1. Assignments of Observed Infrared and Raman
Absorption Frequencies for Malonic Acid
(d.”’ al’ld h“‘) ® [] L ® ° L] o ® [ (] [} ® L] ® ¢ e e @ o 21

IT-1. Summary of Behavior of Malonic Acid in Various
Alkali Halide Matrices s o e e o © ©0 o & & o & o @ 52

II-2. Summary of Source of Alkali Halides Used and
Methods of Preparation of Alkali Halide-Malonic
ACidPellets.uoouo-onoenca-laoc 53

III-1. Variances (x 103) of Absorption of 9 of the Major
Bands of Malonic Acid as Average Variances Ob-
tained from 5 Kinetic Runs Made on the Same Bulk
PellethJturenoaa.n.-ann-a-n-ao 68

IITI-2. Absorbances Used to Determine k! for the Thermal
Decarboxylation of Malonic Acid in KBr at 142,2° ° 83

ITI-3, PLOTFA (See Appendix I) for Indicated Bands (K)
for the ThermaloDecarboxylatian of Malonic Acid
inKBratl’-LZ.O ¢ ¢ o ©0:6 © @ © © 6 9 © o & o o @ 8‘)4‘

IIT-4., Absorbances Used to Determine k' for the Thermal
Decarboxylation of Malonic Acid in KBr at 153.2° . 85

ITT-5, PLOTFA (see Appendix I) for Indicated Bands (K)
for the Thermal Decarboxylation of Malonic Acid
10 KBr at 153.2% o o ¢ 6 6 o 6 6 0 6 0 6 0 0 0 . . 86

ITT-6. Absorbances Used to Determine k' for the Thermal
Decarboxylation of Malonic Acid in KBr at 149.0° . 87

ITI-7., PLOTFA (See Appendix I) for Indicated Bands (X)
for the Thermal Decarboxylation of Malonic Acid
inKBratl49.0°..g.a-.aaoe.o-o.o 88

ITI-8, Absorbances Used to Determine k' for the Therma%
Decarboxylation of Malonic Acid in KBr at 146.3° . 89

ITI-9, PLOTFA (See Appendix I) for Indicated Bands (K)
for the Thermal Decarboxylation of Malonic Acid
inKBratlL%é:Bosaaanasseea:eeeee 90



TABLE

IIT-10.

ITI-11.

IIT-12,

III-13.

IIT-14.

III-15.

IIT-16.

IIT-17.

ITI-18.

III-19.

ITI-20.

ITI-21.

LIST OF TABLES (Continued)

Absorbances Used to Determine k' for the
Thermal Decarboxylation of Malonic Acid at
1"”’)‘!’. 90 L] L [ ] £ ] [ ] ] ® [ ] 1] ® e ® [ L] o ] ] ° (] [ ] 9

PLOTFA (See Appendix I) for Indicated Bands (K)
for the Thermal Decarboxylation of Malonic Acid in
KBr a‘t lL"L". 90 [ L] [ ] & e ] L L] [ ® L] [ L] [ ] e ° e

Absorbances Used to Determine k' for the Thermal
Decarboxylation of Malonic Acid in KBr at 138,9°

PLOTFA (See Appendix I) for Indicated Bands (K)
for the Thermal Decarboxylation of Malonic Acid
inICBrat138.9o...u © © o o 8 © o & ® 6 8 8

Absorbances Used to Determine k' for the Thermal
Decarboxylation of Malonic Acidvin KBr at 131.9°

PLOTFA (See Appendix I) for Indicated Bands (K)
for the Thermal Decarboxylation of Malonic Acid
inKBrat131|9oano-oc-o.o.o.col

Absorbances Used to Determine k' for the Thermal
Decarboxylation of Malonic Acid in KBr at 158,1°

PLOTFA (See Appendix I) for Indicated Bands (X)
for the Thermal Decarboxylation of Malonic Acid
inmratlSBnlooonJauouooonaoono

Absorbances Used to Determine k' for the Thermal
Decarboxylation of Malonic Acid in KBr at
158‘ 10 [ ] [ ] L] '] [] ] 0 [ o 9 o @ © o [ ® '] (] L] e ]

PLOTFA (See Appendix I) for Indicated Bands (K)
for the Thermal Decarboxylation of Malonic Acid
inKBI'atl58oloo-cn‘ococaloonoan

Absorbances Used to Determine k' for the Thermal
Decarboxylation of Malonic Acid in KBr at
161. Oo e (] L] [ [ ] e e ¢ (] e L] e 8 e (] (-] e -] ] 1]

PLOTFA (See Appendix I) for Indicated Bands (K)
for the Thermal Decarboxylation of Malonic Acid
inmr&tlélcooonn-ouecaonsenna

vii

PAGE

93

Ok

95

\O
(€)%

97

98

99

100

101



viii
LIST OF TABIES (Concluded)
ZABLE BAGE

ITT-22. Absorbances Used to Determine k! for the Thermal
Decarboxylation of Malonic Acid in KBr at
167 € Oo ] ] ) ® [ ] L] [ ] ° ° L] [ ] ] o ® [:] 12 (] o [ ] [ ] 1 L] 103

III-23, PLOTFA (See Appendix I) for Indicated Bands (X)
for the Thermal Decarboxylation of Malonic Acid
in KBr at 167l Oo L o L] ® * ® 9 ¢ ® ® Ll L] e ? L] L] L lOL',

III-24, Absorbances Used to Determine k! for the ThermalO
Decarboxylation of Malonic Acid in RbBr at 158.07 . jqs

III-25. PLOTFA (See Appendix I) for Indicated Bands (K)
for the Thermal Decarboxylation of Malonic Acid
ianBrat158.0°..a-...... e ¢ 8 @ o o B 106

III-26. Rate Constants (x 103) (sec-1) Obtained by Follow-
ing the Dissppearance of the Indicated Absorption
Bands During the Thermal Decarboxylation of Malonic
Ac id. L] & ] ® o L] L] L] L] [ L] L ] ] 8 [ [ ) L] o L] L] L] 109

ITI-27. Activation Parameters for the Thermal Decarboxyla-
tion of Malonic Acid in Several Media . o + o o & 118



FIGURE

I-3.

I-6.

I-7.

II-2,

II-3.

II-4.

II-5,

II-5,

LIST OF FIGURES

Representation of the Dimer Structure

'B—Malonic Acid o e ® @ 8 o & 8 o e o

for

o ° o . L] e @

The Infrared Spectrum of a Pressed Pellet of a
Mixture of KBr and Malonic Acid (approximately 1%

malonic acid by weight) . « » « + « &
The Carboxylic Acid Dimer Structure .

The Structure of the C3H2

Group » s« =

° o ° @ L) . &

@ s e « o oo °

Approximate Atomic Displacements and Symmetry Species

for the Fundamental Motions of the C
Group of C2h Symmetry o o+ ¢ o o o

2H204 Acid Dimer

. ° ° 0 ©

Approximate Atomic Displacement and Symmetry Species

for a 1-Carbonic 2-Hydrogen Skeleton of C

Symmetry . « .

L] ® [} ° ° s @ . L}

2v

Approximate Atomic Displacements, Group Rotations,

Group Translations and Symmetry Species for the CH

Group of C2v Symmetry « o o o o ¢ o

Infrared Spectrum of a Pressed Pellet

Malonic Acid (Approximately 0.5% Malonic Acid

weight) o ° ° a ® ° 3 ° ° . ° e ¢ o @

Infrared Spectrum of a Pressed Pellet
Malonic Acid After Heating the Pellet
Minutes at 158.1° o o « « v o 0 o o

Infrared Spectrum of a Pressed Pellet
Malonic Acid After Heating the Pellet
Minutes at 158' lo o L] e L] 9 L o L] 9 L}

Infrared Spectrum of a Pressed Pellet
Acid (Approximately 0.5% Malonic Acid

Infrared Spectrum of a Pressed Pellet
Malonic Acid After Heating the Pellet
at 160::70 ¢ e e & 6 o o @ o o e o o @8

Infrared Spectrum of a.Pressed Pellet
Malonic Acid After Heating the Pellet
Minutes at 160.7° & o & ¢ o o o o o &

2

of KBr-

° ° . o ° @

of KBr-
for 805

LI } ° ° . e

of KBr-
for 18.5

s [ o (] L) °

of KCl-Malonic
by Weight) .

of KCl-
for 1 Minute

3 3 s e 3 &

of KC1-
for 4.5

e ° 3 e e

PAGE

12

13

15

16

17

19

29

30

31

33

34

35



FIGURE

IT-7.

II-8.

IT-10.

IT-11.

II-12.

II-13.

II“‘ lLI’ °

IT-15.

LIST OF FIGURES (Continued)

Infrared Spectrum of a Pressed Pellet of KCl-
Malonic Acid, After Heating the Pellet for
25 Minutes at 160.7° o 4 v 4 siv b @ e 0 06 e

Infrared,SPectrum of a Pressed Pellet of KCl-
Malonic Acid After Heating the Pellet for

21.5 HOU.I‘S at 160070 e @ @ & & o @ w 8 o8 & o & s

Infrared Spectrum of the Product Obtained by
Evaporation of the Solvent from a Water Solution
of KOH and Malonic Acid in a 1:2 Mole Ratio
(Spectrum Obtained by the KBr Pressed Pellet
TechniquUe) « o = o o o o o « s o s o s o s o o s

Infrared Spectrum of the Product Obtained by
Evaporation of the Solvent from a Water Solution
of KOH and Malonic Acid in a 1:1.5 Mole Ratio

(Spectrum Obtained by the XKBr Pressed Pellet

Technique) « o o o o o o o o o o o a o o o o o o

Infrared Spectrum of the Product Obtained by
Evaporation of ths Solvent from a Water Solution
of KOH and Malonic Acid in a 1:1 Mole Ratio
(Spectrum Obtained by the KBr Pressed Pellet
Technique) o o o o o o o o o o o o o a o o o o o

Infrared Spectrum of the Product Obtained by
Evaporation of the Solvent from a Water Solution
of KOH and Malonic Acid in a 1l.5:1 Mole Ratio
(Spectrum Obtained by the KBr Pressed Pellet
TechniqQue) - o o o o o o o o o o s o o o o o o o

Tnfrared Spectrum of the Product Obtained by
Evaporation of the Solvent from a Water Solution
of KOH and Malonic Acid in a 2:1 Mole Ratio
(Spectrum Obtained by the KBr Pressed Pellet
Technique) « o o o o s o o s o o o o a s & o & &

Infrared Spectrum of Dipotassium Malonate Mono-
Hydrate after the Compound had Been Heated at
200°C Under Reduced Pressure (Approximately 0.5
Torr) for 1 hour (Spectrum Obtained by the

KBr Pressed Pellet Technique) . « « o » s s o «

Infrared Spectrum of a Pressed Pellet of Malonic
Aeid and Anhydrous NaBr Ground Together « o - &

PAGE

36

37

39

)

L2

L3

Liy

L6

49



xi
LIST OF FIGURES (Continued)
FIGURE PAGE

II-16. Infrared Spectrum of a Pressed Pellet of
Malonic Acid and CaCl Ground Together « ¢ ¢« o o o 50

ITI-]1, Plot of Initial Absorbahce versus Pellet Weight
for the 3000 K Infrared Absorption Band in
the Infrared Spectrum of Malonic Acid ian KBr . . 67

ITT-2. Thermal Decarboxylation Reaction Order Plot
for the 3000 K Infrared Absorption Band of
Malonic Acid at 144.9° in KBr & & v o ¢ o o o o o 70

ITI-3. The Thermal Decarboxylation Reaction Order Plot
for the 3000 K Infrared Absorption Band of
Malonic Acid at 161,00 it KBr o « o o « o s o + o 71

ITT-4. The Thermal Decarboxylation Reaction Order
Plot for the 3000 K Infrared Absorption Band
of Malonic Acid at 167.0° in KBr « o &« o o o & o 72

IIT-5. Rate Constant (k') Plot of the 3000 K Band for
the Thermal Decarboxylation of Malonic Acid in
I{BI° at 158. lo L] e n a o Q [-] [ [ -] o ° L] o e ) L] 71"’

IIT-6. Rate Constant (k') Plot of the 1700 K Band
for the Thermal Decarboxylation of Malonic
Acid in KBr at 158:309 o v 6 o 5 5 s o 6 s s s 75

IITI-7. Rate Constant (k') Plot of the 1440 XK Band
for the Thermal Decarboxylation of Malonic
Acid in KBr at 158.1° & v v ¢ ¢ o o 0 s o 0 o o 76

IIT-8. Rate Constant (k') Plot of the 1220 K Band
for the Thermal Decarboxylation of Malonic
Acid j..n KBI‘ at 1580 10 [ o 8 ° [ [ ° o ° 0 o o o 77

ITI-9. Rate Constant (k') Plot of the 900 K Band for
the Thermal Decarboxylation of Malonic Acid
in KBr at 15 8 [ lO ° ® ] L] o ¢ L] L] L] 14 Ld ] o L e ?8

ITII-10. Rate Constant (k') Plot of the 3000 K Band
for the Thermal Decarboxylation of Malonic
A.Cid in RbBr at 158050 e L] e -] o 12 [ o L] -] L) o 79

ITI-11. Rate Constant (k') Plot of the 1700 X Band
for the Thermal Decarboxylation of Malonic .
Acid in RbBr at 158.5°% . « ¢ v v ¢ ¢ ¢ 0 0 o o 80



xii
LIST OF FIGURES (Concluded)
FIGURE PAGE

ITI-12. Rate Constant (k') Plot of the 1440 K Band
for the Thermal Decarboxylation of Malonic
Acid in RbBr at 158550 e & ¢ @ o o B & € & 0 & 81

ITI-13. Rate Constant (k') Plot of the 1220 K Band
for the Thermal Decarboxylation of Malonic
Acid in RbBI‘ at 158950 s ® © o © © ® o ©° 8 o @ 82

ITI-14. Combined Enthalpy of Activation Plot for the
Thermal Decarboxylation of Malonic Acid in
KBr at Temperatures from 138.9° to 167,00 , . 110

ITTI-15. Reaction Mechanisms Proposed for the Thermal
Decarboxylation of Malonic Acid « o s o o o ¢ & 115



INTRODUCTION AND GENERAL EXPERTMENTAL

Inﬁroduction

The original aim of this research was a kinetic study of the
thermal decarboxylation of malonic acid in alkali halide media. This
was to be effected by mixing malonic acid with the desired alkali
halide, pressing the resultant mixturé into a pellet, heating the
pellet for given interva%; of time and observing the amount of ds-
composition of the malonic acid by means of changes in its infrared
spectrum. This proposed technique worked quite well in two of the
alkali halide matrices studied, XBr and RbBr. In other alkali halide
media the collection of useful kinetic data was impractical due to
interfering side reactions between malonic acid and the chosen alkalil
halide. One of these side reactions, a double decomposition rsaction
between malonic acid and the alkali halide matrix, occurred to some
extent in all of the salts used although in KBr and RbBr the extent
of occurrence was small enough to be insignificant. The other sids
reaction, tentatively labelled solid solution formation, was found to

occur only in CsCl and anhydrous NaBr.

Experimental

The following experimental procedures were, in general, used
throughout this research. Certain specific experimental procedures

will be cited in the separate parts of this dissertation.



Sources bf Materials

Malonic acid, obtained from K and K Laboratories, Inc., Plain-
view, New York, was recrystallized from acetone at low temperatures
(dryice-acetone or ice-water) and the resultant crystals filtered from solu-
tion,dried; . and ground to a fine powder in an égate mortar. This
crystalline product was shown by titration with NaOH to be 99.9%
malonic acid. Prior to incorporation in alkali halide pellets, the
finely ground malonic acid was placed under reduced pressure for"
several hours at room temperature.

Deuterated malonic acid was used as received from Strohler
Isotopic . Chemicals, P. O. Box 1134, Montreal 3, Canada. Although
advertised as 99% pure malonic acidwdu, the product contained malonic
aciduhu as evidenced by its infrafed absorption spectrum which showed
bands due to malonic acid“huo The deuterated product also contained
DZO according to its infrared spectrum.

Alkali halides from three different sources were used. A por-
tion of all of the salts used was obtained from Brinkman Instruments,
Inc, Cantiague Road, Westbury, L. I., N. Y. These salts were manu-
factured by E. G. Merck, Ag., Darmstadt (Germany) under.the trade
labels "Suprapur" or "Ultrapur'". Some of the KBr and CsI salts were
obtained from Harshaw Chemicals Co., Cleveland, Ohio, 44106. At times
Fisher Reagent Grade salts were also used. The experiments performed
using various brands of salts exhibited no dependence upon the

particular brand used.
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The KOH used in the preparation of malonlc acid salts was
obtained from Fisher Scientific Company, Fairlawn, N. J., and was

used as received.
Tnstruments

Most of the spectra used in this research were obtained by
means of a Perkin~Elmer Model 21 infrared spectrophotometer equipped
with NaCl opties or by means of a Beckman Model IR-12 grating infrared
spectrophotometer. The calibration of the two instruments was checked
periodically by scanning the polystyrene spectrum or by scanning the
single beam background spectrum. The absorption frequencies recorded
from the prism instrument are accurate to * 1K* in the 2000-640 K
region, and to + 5K in the 4000-2000 K region. The absorption fre-
quencies of the grating instrument have an uncertainty of + 0.25 K

from 2000-200 K and an uncertainty of + 0.5 K from A4000-2000 K.

Pellet Preparation

Two different pellet dies were used. One was a Perkin-Elmer
13 mm circular die; the other was a Beckman 12 x 2 mm rectangular
die. Both were evacuated in the pellet pressing procedure and gauge
pressures of Z0,000 to 30,000 pounds per square inch were used in
forming the pellets. No differences in the behaviors of the pro-

ducts from the two pellet dies were noted; hence, in the material

*Throughout this dissertation, all frequencies will be given
in Kayser (XK) units (1K = 1 em~1).



which follows, no distinction will be made betwsen the two types of
pellets used.

A standard procedure was used in the pressing of the pellets.
In the case of pellets pressed from pre-dried salts, the die was
filled inh a dry box and transferred to the hydraulic press. The
salts which were used as received were placed in the die in a
constant humidity (spproximately 40% rel.) room. The die was then
placed under enough pressure to seal the rubber-metal contacts and
evacuated. After a few minutes of evacuation, the die was then
placed under its recommended operating pressure and allowed to re-
main nnder pressure for a few minutes. The pressure on the die was
then reduced and the die evacuated for a few more minutes. The die
was again placed under its operating pressure. Finally, dry air
was used inlbringing the pressure inside the die back to atmospheric
pressure. The pressure on the die was then released and the die re-
moved from the press.

The salts used in the pressing of the pellets were either used
as received or dried in the following manner. The commercial salt was
ground to a very fine powder in an agate mortsr. This fine powder
was then placed in a flask under reduced pressure (approximately .01
torr) and held approximately 250o for several days. The flask was
then filled with dry air and sealed off with a stopcock.

Two different methods of mixing the components for a pellet
were used. For purposes of later reference these two procedures will

be assigned numbers and described separately.



Procedure 1l: -- This was the routine procedure used in the
preparation of the pellet mixtures for use in the kinetic study of the
thermal decarboxylation reaction. Weighed amounts of pre-ground and
dried alkali halide and malonic acid were placed in a 500 ml flask in
a dry box. A large magnetic stirrer bar was then placed in the flask,
the flask stoppered, removed from the dry box, placed on a rotary
evaporator and sealed off from the atmosphere. The rotary evaporator
was then started and a magnetic stirrer motor placed beneath the
rotating flask. During the mixing which followed, the axes of rotation
of the magnetic stirrer bar and of the rotating flask were approximate-
ly perpendicular to each other. This created a double stirring motion
for mixing of the two components. After about 2 hours of vigorous
mixing, the flask was removed. from the rotary evaporator and stoppered.
Pellets were pressed as needed from the resulting mixture.

Procedure 1 provided a meahs of dispersing the malonic acid
in the alkali halide salt without the possibly harmful side effects

of mixing hy grinding,

Procedure II: -~ This method of mixing the components consist-

ed of placing weighed amounts of pre-ground materials in an agate

mortar and mixing by light grinding action using an agate pestle.



PART I

Assignment of the Infrared Absorption Bands in Crystalline

Malonic Acid.

I-1: Introduction

Upon heating a malonic acid-alkali halide pressed pellet at
approximately 1000, changes take place in its infrared spectrum. These
changes involve the disappearance of some absorption bands and the
appearance of other bands. Comparable changes in the infrared
spectrum have been ascribed1 to the change of malonicvacid.from thelg
to the Ol phase, shoun by differential thermal analysis,2 to occur
at approximately 13009 The temperature of the phase change as deter-
mined by differential thermal analysis is probably about 250 too high
since the temperature of fusion, determined by standard melting point
technique to be 134-136° C, is shown by differential thermal analysis
to be 160° C. At present no information is available concerning the
rearrangements of atomic positions in the solid taking place during
the [}to O(phase change. This lack of information concerning the
phase change 1is probably due to the fact that malonic acid begins to
decarboxylate at the temperature required to bring about the phase
change.

. As will be shown in Part II, the changes in the infrared
spectrum attributed by Amakasu and Itdl to the @3 to®f phase change
are more likely due to the occurrence of a double-decomposition reac-

tion between malonic acid and the alkali halide used.



In order to understand better some of the changes taking place
in the infrared spectrum of malonic acid upon heating the compound,
a complete assignment of the infrared absorption bands of crystalline
malonic acid was undertaken.

The earliest reference found to the vibrational spectrum of
malonic acid was a presentation of the Raman scattering frequencies.
A more recent Raman spectrum of malonic acid was reported by
Ananthanarayanan,4 These Raman spectra were obtained from solutions
of HZO saturated with malonic acid (approximately 40% malonic acid by |
weilght). The infrared spectrum of malonic acid from 4000 to 600 K was

5516

reporte in 1940, along with an accompanying partial band assignment.

The most thorough infrared absorption band assignment was one reported

by Schmelz et alo7

Schmelz et al. also included the assignments for
malonic ac:id.—dlL in their work. More recent reportsl'8 substantiate

the work of Schmelz. No reports dealing with the far infrared spectrum
of malonic acid have been found.

Before attempting to assign infrared absorption frequencies to
the vibrational motions of a molecule in a crystal, information is
needed concerning the structure of the molecule as a single unit and
also the structure of the crystal composed of these molecules. An

9

X-ray crystal structure determination”’ shows malonic acid to consist
of long chains of molecules bound together by hydrogen bonded cyclic
carboxylic acid dimer units. This structure is depicted in Figure I-1.

The dimer chain’ structure depicted in Figure I-1, for ecrystalline }?”

malonic acid means that the planes passing through the acid dimer



Figure [-1. Representation of the Dimer Structure for

ﬂ"Ma!onic Acid.



units at each end of the molecule are almost perpendicular to each

other.

I-2: Experimental

Method of Obtaining the Spectrum of Sublimed Malonic Acid

Malonic acid was placed in a 5 cm gas cell fitted with KBr
windows. The gas cell was then wrapped with heating tape and the
femperature raised to approximately 100° while the pressure in the
gas cell ﬁas reduced to approximately 0.5 torr. Since the large windows
of the gas cell were cooler than the body of the cell, the malonic
acid sublimed onto the salt windows. Oae of the windows was then re-
moved, placed in an infrared spectrophotometer, and the spectrum

recorded from 4000 to approximately 400 K, the cut-off limit of KBr.

Method of Obtaining the Infrared Spectrum of Malonic Acid at

Low Temperature

A low temperature cell of conventional designlo was congtructed.
Since the cell is evacuated during use, the windows are held in place
by the force of atmospheric pressure pushing against a set of O-rings.
The outer jacket of the cell was encased in a fiber glass insulating

jacket.

Method of Obtaining the Mull Spectra of Malonic Acid

Ground malonic acid was mixed with the mulling agent (Nujol or
halocarbon) by grinding in an agate mortar, and the infrared spectrum

recorded of the mixture placed between salt plates.
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Method of Obtaining Solution Spectra of Malonic Acid

Solutions of malonic acid in acetone, ether and pyridine were

prepared and the spectrum recorded in cells of thickness of 0,1 mm.

I-3: Results and Discussion

When using the alkali halide pressed pellet technique of obtain-
ing infrered spectra, it was found that, with the exception of cesium
chloride and anhydrous sodium bromide, the initial spectra of crystal-
line malonic acld were identical in appearance regerdless of the salts
used as pellet materials, The fact that the frequencies of absorp-
tion were essentlally invariant upon change of salts lndicates that
the effect of the salt matrices upon the internal bonding of melonle
acid is negligible, Because of this invariability of the spectrum of
malonic acid from salt to salt, and since the mull spsctra of malonie
acid were identlcal to the alkall hallde-melonicr aold pressed pellet
spectra, the spectra recorded using the pressed pellet technique were
used in this work to obtain the frequenciles for assignment to atomie
motions in malonic acid.

The sublimation technlque of obtaining infrared spectra of
solids provide a possible check on the validity of spectra obtalned by
other means. Although the sublimation of a pure solid onto salt
windows can introduce complications in the infrared spectra due to
orientation effects in the solid, the method does give a spectrum of
the pure solid uncluttered by solvent bands. In the case of malonic

acld, the spectrum of the sublimete is nearly ldenticel to the spsctrum
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of malonic acid obtained with the KBr pressed pellet technique. The
differences in the spectra obtained by the two methods are differences
in relative intensities. The fact that the two spectra are nearly
identical adds credence to the postulate that the malonic acid spectra
obtainéd by the pressed pellet technique are valid for use in the
spectral band assignments.

Solution spectra of malonic acid are, in this case, of marginal
value since solutions of the acid do not have the rigid structure of
the solid.

The infrared spectrum of malonic acid is shown in Figure I-2.
Since the malonic acid molecule in the crystalline state has CS
symmetry, i.e., no symmetry, it should exhibit 3N-6, or 27 infrared
active fundamental motions. As has been previously mentioned, an

9

X-ray crystal structure determination” has shown crystalline }?-malanic
acid to consist of long chains of molecules bound together in a head to
tail arrangement by the cyclic carboxylic acid dimer units. Thus,
crystalline malonic acid is actually composed of chains of acid dimer
units alternating with CH2 groups.

It must be emphasized that the only rigorous method of treating
the band assignment of malonic acid is a consideration of the crystal
unit cell as a whole and, consequently,‘of the motions of the atoms
in this wunit cell., This method is quite cumbersome and very involved,
consequently it was abandoned in favor of the simplified divided
symmetry treatment described below.

For the spectral assignments in this work, malonic acid is

considered to consist of two separate symmetry units. One of these
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units, the cyclic carboxylic acid dimer unit, has the gstructure shown
in Figure I-3. This eight atom planar ring possesses C2h symmetry.
The other unit is either a 3-carbon-2 hydrogen skeletal unit with the
structure depicted in Figure I-4 or the CH2 group alone. Both the
C3H2 unit and the CHZ units should possess CZV symme try.

Considering first the dimer unit, this 8 atom ring should possess 18
fundamental vibrational motions. Of these 18 motions, group theory pre-
dicts 9fto be infrared active and 9 to be Raman active. Of the 9
infrared active fundamentals, 3 are of Au symmetry species and 6 are of
the Bu symmetry species. Of the 9 Raman active fundamentals, 6 are of
the Ag symmetry species and 3 are of the Bg symmetry species. Since the
C2h point group possess a center of symmetry, the mutual exclusion
principle of Raman and infrared activity is applicable. The 18 funda~-
mental vibrational motions are diagrammed in Figure I-5 as approximate
atomic displacements. The figures depicted were derived on a qualitative
basis in order to produce motions of the desired symmetry species. The
symmetry species of each of the motions are also indicated on Figure
I-5.

Considering now the 3 carbon-2 hydrogen skeletal unit, it can
be shown that 9 vibrational fundamentals are to be expected for this
unit. From these 9 fundamentals belonging to a unit of C2v symmetry,
group theory predicts 8 infrared active motions and 9 Raman active
motions. The diagram of these fundamental vibrational motions as

approximate atomic displacements are shown in Figure I-6 along with the
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Figure I-4. The Structure of the C3H2 Group.
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corresponding symmetry species of each motion. The motions of the Al'
Bl and B2 symmetry species are infrared active, while the motions of
all of the indicated symmetry species are Raman active.

Combining the number of vibrational fundamentals expected for
the cyclic dimer unit with those expected for the 03H2 group gives
a total of 27 fundamental vibrational motions. The fact that this
nurber of fundamentals is the same as that predicted from a aon-
sideration of degrees of freedom of the eleven atom malonic acid mole-
cules is due to the use of two of the carbon atoms in both the dimer
unit and the skeletal unit.

Another method of considering the fundamental band assignment
problem in malonic acid involves the use of the carboxylic acid dimer
unit along with the CHé group. In this method the assignments for
the acid dimer wunit remain the same.

The 3 atom CHé group should have 3 fundamental vibrational
motions and should belong to the C2V point group. The vibrational
fundamentals are diagrammed in Figure I-7, as approximate atomic
displacements. Along with the three vibrational fundamentals, the
3 tramslational and 3 rotational degrees of freedom are also shown.
This method of assignment involves the postulate that the transla-
tional and rotational motions for the CH2 group can also be assigned
frequencies when this group is attached to the rest of the molecule.
For instance, the CHZ translation in the z~direction involves approxi-
mately the same atomic displacement as those involved in the CBHZ

symmetric carbon-carbon stretching motion. Using the same reasoning
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the CH2 translation in the y-direction can be considered as the
asymmetric stretehing motion of the three carbon skeleton. The CH2
translation in the x-direction would produce a motion analogous to a
wagging of the three carbon skeleton.

The same type of treatment can be applied to the rotational
motions of the CH2 units. The rotations of the CH2 undt around the
X, ¥y, and z-axes involve approximately the same atomic motions as those
produced by the CH? rock, wag, and twist, respectively. The two CH2
stretching motions and one CH, deformation motion remain as before.

2

The use of the CH2 group rather than the C H2 group introduces

3
no changes 1in the infrared and Raman activity.

The absorption band assignments for fg-maianic acid (hu and du)
are shown in Table I-1. The ratio of the frequency of a motion including
a hydrogen, to the frequency the same motion involving a deuterium pro-
vides a check upon the validity of the assignment of a frequency. This
ratio should be approximately 1.3 for motions involving a carbon and
a hydrogen. The ratios of these motions are shown ian Table I-1 ﬁherever
applicable.

The Raman data shown in Table I-1 were obtalned using a Cary Model

81 Laser Raman Spectrophotometer through the courtesy of J. W. Brasch at

the Center for Materials Research, University of Maryland. 'It can be
seen that the Raman and infrared frequencies agree quite well with the
exception of the band involving the coupled 0-H deformation + C-0 stretch
+ C=0 stretch.

Table I-1 shows four bands unassigned. Of these four bsands, all

are either shoulders on more intense bands or are of low absorption.



TABLE I-1

Assignments of Observed Infrared and Raman Absorption Frequencies for Malonic Acid (du and hb)

HQCBOE ’ Ingrgrgd o Rﬁ}%O RﬁmgnO(K) Assignment

, 4734 434 '
3000 2270 1.32 ——— 0-H-~--0 Asgsignment Stretch
Inact Inact —— 2993 0-H-~--0 Symmetric Stretch
2970 2180 1.33 Inact CH Asymmetric Stretch
2920 2180 1.30 2952 CH Symmetric Stretch
Inact Inact —— 1685 C= Stretch + C-0 Stretch
Inact Inact —— 1660 C= Stretch + C-0 Stretch
1740 1740 e Inact C=0 Stretch + C-0 Stretch
1710 1700 ———— Inact C= Stretch + C-0 Stretch
1440 1100 1.31 Inact 0-H Deformation + CO + C=0
Inact Inact ——— ? O-H Deformation + CO + C=0
1420 1049 1.33 1425 CHé Deformation

1400 ———— ———— 1404 Unassigned

1360 —— — ———— Unassigned

1310 1370 —_—— 1325 Cc-0 Stretch + C=0 Stretch + OH
1280 1031 1.22 1285 CH, Twist

1260 —— ——— ——— Unassigned

Te



TABLE I-1 (Continued)

Assignments of Observed Infrared and Raman Absorption Frequencies for Malonic Acid (clLL and hu)

1,050, Ingrgrgd & Rﬁ?%O Rﬁmgno(K) Assignment
4737 473" ‘

1220 1056 1.19 1253 CHé Wag
1173 1290 ——— 1180 c-Cc-C Asymetric Stretch

963 935 —— 960 Cc-C-C Symmetric Stretch

RBL 750 ' 1.25 Inact 0-H-~~--0 Deformation Asymmetric

Tnact Inact ———— 939 C-H-~--0 Deformation Symmetric

920 670 1.37 922 CH, Rock

902 ———— ———— 907 Unassigned

771 790 —— Inact 0-C=0 Asymmetric In -~ Plane Deformation
Inact Inact —— 766 0~-C=0 Symmetric In -~ Plane Deformation
656 600 ——— Tnact ~  0-C=0  Symmetric Rock

Tnact Tnact ——— 642 0-C= Asymmetric Rock

591 560 ‘ ———— Inact 0-C=0 Symmetric Wag

Inact Inact - 602 0-C=0  Asymmetric Wag

574 450 — Inact 0-C=0 Asymmetric Twist

Inact Inact ——— 580 0-C=C Symmetric Twist

451 417 —— —— c-C-C Deformation

2¢

b29 388 e e Skeletal Twist
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These bands are probably overtone or combination bands. No attempt
was made to give these bands overtone or combination band assigaments.
There 1is a band at 429 K which has been assigned to a skeletal
twisting motion. A band in the Raman spectrum of a 40% HZO solution
of malonic acid was also assignedu to the same motion. This motion
can also be assigned on the basis of the divided symmetry treatment. The
atomic displacements involved in this twisting motion are spproximately
the same as those involved in a rotation of the 3 carbon 2-hydrogen
framework about the z-axis. This motion is of the A2 symmetry specles,
however, and should be infrared inactive.
A band at 1280 K has been assigned to the CH, twlsting motion.
This motion is‘of the A2 symmetry species and should, therefore, be
infrared inactive. However, due to the unsymmetrical nature of the
crystalline malonic acid molecule as a unit, this motion could become
infrared active.
Figure I-2 shows that the C=0 stretching frequency»(the strong
absorption band between 1700 X and 1750 XK) is split into a doublet.
This splitting is probably due to coupling between the two carbonyl
groups at each end of the molecule. This explaration of the splitting
is substantiated by the fact that oxalic acid also shows the splitting
while dicarboxylic acids with more than one carbon between the carbonyl
groups do not show the splitting. This splitting has also been observedll
in the case of diethyl malonate.
Due to the broad diffuse nature of the infrared absorption band
arising from the O-H stretching motion occurring at approximately 3000 K

all other bands occurring in this region are cbscured. The frequencies
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listed in Table I-1 for the CH symmetric and asymmetric stretches are
taken from the spectrum of dipotassium malonate hydrate (Figure II-13).
Although the frequencies of absorption are slightly shifted from one
molecule to another it is useful that bands which can be assignhed to the
symmetric and asymmetric CH stretches are observed in the spectrum of
dipotassium malonate-hydrate.

Comparison of the spectra of malonic acid obtained at low tempera-
ture with those obtained at room temperature shows no significant differ-
ence between the spectra. The infrared absorption bands are much sharper
in the spectrum of malonic acid at low temperature. The spectrum of
malonic acid at low temperature showed two extra bands in the 1400 K region
and two extra bands in the 900-1000 K region. However, those bands
were of low absorbances and are not included in the spectral assignment
due to the lack of information concerning the low temperature phase be-
havior of malonic acid.

In conclusion, it can be stated that the divided symmetry treat-
ment enabled the assignment of absorption frequencies to molecular motions
in more complicated molecules with more ease than other methods. It
should be pointed out, however, that the method is far from rigorous
and has ease of use as its major virtue. The method, in this case,
relieves the researcher from the task of diagramming the 27 fundamentals
of an eleven atom molecule of Cs symnetry and replaces it with the use

of two units of higher symmetry.
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PART IT

A Study of the Reactions of Malonic Acid With Various Alkali Halide
Matrices

IT-1: Introduction and Literature Survey

The alkali halide pressed pellet technique has been used extensive-
ly for years as a convenlent method of obtaining the infrared spectrum of
a so0lid material. When this technique was first introducedl’2 a number of
investigations were undertaken to study changes in the infrared spectrum of
a solid brought about by grinding of the solid with an alkali halide and
also to discover what changes, if any, in the infrared spectrum were
caused by the high pressures used in the pressing of the pellets. The re-
sults of these investigations suggested caution when obtaining infrared
spectra by ?Pis technique.

Amak;sé and Tto o have dealt with double decomposition reactions
involving organic acids and the alkali halide pellet materials used in
pressing the pellets. These double decomposition reactions resulted in
the formation of the salt of the acid.

A possible reaction is as follows:

RCOOH + M™X~ —> M" Rcoo™ + H + X~

where M' = alkali metal ion

X

halide ion.

A direct dependence of the double decomposition reaction upon the

amount of water present in the pellet material wasnoted,4 For instance,



27

when oxalic acid was ground with KBr in a constant humidity (40%
relative humidity) room and pressed into a pellet, the acid underwent
double decomposition with KBr, resulting in the formation of dipotassium
oxalate. On the other hand, when oxalic acid was ground with KBr in

a dry box and pressed into a pellet the spectra showed that no double
decomposition reaction had occurred. |

3,4

In the present work the findings of Amakasu and Ito have
been partially substantiated in regard to double decomposition reac-
tions. No direct correlation was established between the amount of
moisture in the pellets and the occurrence of a double decomposition
reaction.

When anhydrous NaBr was ground with malonic acid and pressed
into a pellet, the infrared spectrum was not the spectrum of /3=malonic
acid as obtained by mull technique. If NaBr was used as received as the
suspension matrix, the resultant spectrum matched the spectrum of /?-
malonic acid obtained by the mull technique. These observations
would tend to indicaté a direct correlation between the amount of
water present in the pellet and the appearance of the infrared spectrum
obtained for malonic acid in the pellet. Such a correlation could not be
verified, however. In the case of (CsCl an anomalous behavior occurred
both in anhydrous (as received) CsCl and in CsCl to which HZO had been
intentionally added.

Actually, malonic acid was found to exhibit the following three

different types of behavior in the salts used in this work.
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Reaction I: 'Normal" decarboxylation (i.e., thermal decarboxyla-~
tion of malonic acid to acetic acid and carbon dioxide)
followed by exchange of the proton of acetic acid with

the matrix cation, forming the corresponding acetate salt.

Reaction IT: A series of double decomposition reactions in-
volving successive exchanges of protons and the alkali
metal cation. This series is terminated with the forma-

tion of anhydrous dipotassium malonate.

Reaction ITI: Anomalous behavior occurring during grinding
and/or pressing of the pellets. This reaction occurs
only in CsCl and anhydrous NaBr. Unlike Reactions I and

IT, this reaction requires no heating for occurrance.

The extent and nature of these reactions will be discussed more

extensively later.

II-2: Results and Discussion

The first of the three types of behavior that malonic acid
exhibits when suspended in alkali halide matrices, is illustrated by
the spectra shown in Figures II-1 through II-3, Figure II-1 shows the
spectrum of an initial unheated pellet of KBr containing malohic acid.
This spectrum is identical to the initial spectra obtained in all of
the salts studied in the work except in CsCl and in anhydrous NaBr.
The first change occurring in the infrared spectrum of the pellet upon

heating a KBr-malonic acid pellet is evident by comparing Figure IT-1 with
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Figure II-2. Although the changes in the spectrum are subtle, they are,
nevertheless, real. These rchanges are not well understood at this
time, The second change is a gradual disappearance of the major
absorption bands due to the decarboxylation of the malonic acid. The
acetic acid is partially vaporized at the temperature used (1580) and,
upon diffusing out of the pellet, produces a noticeable odor of acetic
acid in the reaction tubes. Production of CO2 can be verified by the
appearance of an infrared absorption band at 2360 (K) which is due to
the asymmetric 0=C=0 stretching motion. Figure II-3 shows the infrared
spectrum of a KBr pellet after thermal decarboxylation of the malonic acid
contained in the pellet has taken place. The major bands observed in
the spectrum of the pellet are due to the acetate ion, a small amount of
which forms by way of a double decomposition reaction between acetic acid
and the KBr matrix material. The other products of the double decomposi-
tion reaction (H+ and Br ions in this case) are not observed in the
pellets. Some possible reasons for not observing this product will be
discussed later.

The second type of behavior observed during application of heat
to alkali halide-malonic acid pellets, is best illustrated by the KC1-
malonic acid system. The spectra shoun in Figures II-4 through II-8 de-
pictvthe changes which occur in this system upon application of heat.
Figure II-4 showns the initial infrared spectrum of malonic acid suspended
in a KC1 matrix. It can be seen that Figure II-1 and II-4 are nearly
identical. TFigure II-5 shows the spectrum of potassium hydrogen di-
monohydrogen malonate, KH(MHM)Z, which forms in pellets of KCl, contain-

ing malonic acid, after approximately 5 minutes of heating at 140°, It is
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this change to KH(MEHM)2 which was erroneously atiributed to a change
from ﬁ-to O¢-malonic acid by Amakasu and Tto.” The spectrum shown in
in Figure IT-5 can be seen to match the spectrum shown in Figure I1I-9,
which is the spectrum of an authentic sample of KH(MHM)Z.

One method of preparing KH(MHM)2 involves mixing malonic acid
and KOH in a 2:1 ratio in HZO and evaporating the HZO by reduced
pressure. This method of preparation is described in Section II-3-2
and results in a relatively pure, crystalline product. It should be
noted, however, that, as shown in Fig. II-10 the product resulting
from a mixture of malonic acid and KOH in a 1l.5:1 mole ratio possesses
practically the same infrared spectrum as the product obtained from
mixing malonic acid and KOH in a 2:1 mole ratio.

Another method of preparation of KH(MHM)2 (see Section II-1-2)
involves precipitation of KH(MHM)2 from an acetone or ethanol solution
of malonic acid by addition of solid KOH to the solution.

A possible explanation for the formation of KH(MHM)2 can be
advanced by considering the structure of crystalline malonic acid. As
was discussed in the General Introduction and BExperimental Section,
crystalline malonic acid consists of long chains of intramolecularly
hydrogen bonded molecules. Insertion of a potassium ion, and removal
of a proton, in every other one of the cyclic dimer units would pro-
duce a material of molecular formula KC6H708 which corresponds to the
formula for KH(MHM)2°

Figure ITI-6 is the spectrum of potassium monohydrogen malonate

K(MHM), which forms upon further heating of a KCl pellet containing
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malonic acid. This spectrum may be compared with the spectrum shown in
Figure IT-11, which is the spectrum of K(MHM), This material was
obtained by evaporation of the water from a solution of malonic acid
and KOH in a 1:1 mole ratio. K(MHM) is difficult to prepare in a

pure form since a crystalline product can be extracted from a solution
of any mole ratio of malonic acid to KOH from 2:1 to 1:2. The position
of the infrared absorption band due to the carbonyl stretching motion
is quite dependent upon the amount of hydrogen bonding present in the
molecule, hence, upon the KOH-malonic acid mole ratio. This can be
seen by consideration of Figures II-10, II-11 and II-12. In the com-
pounds whose spectra appear in these Figures, the KOH-malonic acid
mole ratio varies from 1:1.5 in Figure II-10 to 1.5:1 in Figure II-

12. The position of the absorption band due to the carbonyl motion
becomes successively higher in frequency as the KOH-malonic acid mole
ratio increases.

Figure II-7 shows the spectrum exhibited by an "anhydrous'" KCl
pellet containing malonic acid after approximately 25 minutes of heat=-
ing of the pellet at 140°, This spectrum agrees reasonably well with
the spectrum (Fig. II-13) of the compound dipotassium malonate-mono-
hydrate (KzMoHZO) which was prepared by evaporation of water from
an aqueous solution in which KOH and malonic acid are present in a 2:1
mole ratio, respectively. Iunspection of the spectra presented in Figures Il-
6 and IT-11 shows appreciable abgorption in the 3400 K region. This absorp-

tion is due to the water of hydration, in the K2M°H20 molecule.
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The formation of an hydrate in supposedly anhydrous materials
is at first glance perplexing. However, since the infrared spectrum
of the pre-dried starting material (XC1l in this case) shows a detect-
able amount of water to be present, it is possible that the amount of
water present is sufficient to produce the monohydrate. An 0.2 gram pellet
containing 1% malonic acid by weight would require only 0,00035 gram water or
0.1'% HZO by weight) to produce K2M°HZOa This highlights the fact that,
in the pressed pellet technique, the effect of traces of water can
rarely, if ever, be completely ignored.

When hydrated dipotassium malonate is heated under reduced
pressure, the water of hydration is removed. The spectrum (Fig., II-14)
of partially dehydrated K2M°H20 is identical in its major features to
the spectrum shown in Fig. IT-8. The spectrum shown in Fig. IT-14
agrees with that given by Sadtler* as the infrared spectrum of KZMo The
spectrum shown in Fig. II-8 was obtained from a KCl-malonic acid pellet
which had been heated at 140° for 40 minutes. Dipotassium malonate-monony-
drate can be reproduced by recrystallization of anhydrous dipotassium
malonate from water.

Further heating of the KCl-malonic acid pellet produced no other
changes in the spectrum from that shown in Fig., II-8, even when the
temperature was increased to 180°.

Review of the five steps of the double decomposition reaction for

malonic acid and an alkali halide shows that, for each mole of malonic

*Sadtler Standard Infrared Spectrum Number 6204.
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scid reacting in an alkali halide, two moles of the corresponding
hydrogen halide should be produced. In none of the pellet materials
studied were the hydrogen halides detected either during or after
occurrence of the double decomposition reaction. Neo gaseous hydrogen
halide was observed even when a mixture of KCl and malonic acid contain-
ing a relatively high percentage of malonic acid was heated for a long
period of time. Hydrogen halide, trapped in the matrix, was not observed
when portions of the same mixture were pressed inte pellets and their
infrared spectrum obtained.

The fact that the hydrogen halide is not observed in the case of
the heated malonic acid-KCl mixtures could mean one, or more, of three
things: (1) the HC1l produced remains trapped in the pellets and is
not observed for some reason, (2) the HCl remains in the pellets as ut
ions and chloride ions, or (3) experimental conditions were not correct
for observing the evolved HC1.

Other work has shown that HCl is observed* above pellets of
hydroxylamine hydrochloride, of composition similar to that used for the
malonic acid studies when heated in a sealed 10 em gas cell. Possibly
the most reasonable explanation for not observing hydrogen halide in
this work is that the hydrogen halide remains trapped in the pellets as

+
H and halide ions.

The third and last of the three types of behavior for malonic acid
in alkali halide pressed pellets remains an anomaly. This anomalous be-

havior occurs in anhydrous NaBr and in both wet and "dry" CsCl. Figures

IT-15 and IT-16 show spectra of the products of the anomalous behavior

*Private communication from Mr. Robert Berkshire, W.V.U. summer
undergraduate research student in 1968,



obtained in anhydrous NaBr and "dry" CsCl respectively. The anomalous
behavior does not ocecur, however, in NaBr used as received, indicating

a possible dependence of the behavior upon the amount of moisture present
in the pellet material. This dependence upon moisture is not borne out,
however, in the case of moist CsCl, ih which malonic acid still exhibits
the anomalous behavior.

Several bits of experimental evidence point to the fact that the
product of the anomalous behavior is still some form of malonic acid. One
bit of evidence is the fact that strong heating (1500) of a CsCl-malonic
acid pellet produces acetic acid and carbon dioxide. Another bit of evi-
dence was obtained from thin layer chromatography (TLC). TLC shows that
an acetone solution, obtained by washing a preground malonic acid-CsCl
mixture with acetone, contained only one product, the retention time of
which was the same as that of malonlc acid. The infrared spectrum of a
pellet pressed from the same preground CsCl-malonic acid mixture which
had been washed with acetone, showed only infrared absorption bands due
to water. Still another bit of evidence that the product of the anomalous
behavior was malonic acid was the fact that an nmr spectrum of the acetone
wash solution from the experiment described above was identical to the
mmr spectrum of malonic acid in acetone solution.

5

Hartman and Hisatsune” observed an effect which they attributed

to the formation of a solid solution in thelr work on the thermal de-

composition of calcium formate in alkali halide pressed pellets. They
observed that after a heating period of an hour at approximately 100° the
infrared spectrum of calcium formate underwent drastic changes. These
changes were attributed to solid solution formation. It is possible that
the anomalous behavior shown by malonic acid in CsCl and anhydrous NaBr is
a s0lid solution formation which is occurring at lower temperatures. It is
not understood, at the present time, why this behavior is not exhibited by

all of the salts studied.
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Table IT-1 lists all of the salts studied in the present work and
gives their behavior upon grinding, pressing, and heating (excepting
CsCl and anhydrous NaBr) with malonic acid. Reaction I, the "normal"
decarboxylation, seems to be the exception rather than the rule; Reac~
tion II, the double decomposition or salt formation reaction, occurs
to some extent in most of the salts studied in this work. Reaction
IT, excluding the dehydration steps, has been reported previously by
Amakasu and Ito.3 The conclusion reached by these workers was that
Reaction II proceeded only in those pellets containing a fairly high
amount of moisture. This conclusion was not substantiated in the present
work. When dried KBr was used, Reaction I predominated. However, when
dried KC1l was used, Reaction II predominated. When NaBr, dried in
the same manner as the KC1 just mentioned, was used, Reaction III
occurred. Reaction I occurred both when KBr and malonic acid were
ground in a dry box and when ground in the atmosphere. Further work
is necessary to ascertain the conditions which control the behavior of

malonic acid in the various alkali hallide salts.

JI-3: Experimental

II-3-1: Preparation of Alkali Halide-Malonic Acid Pressed Pellets

Table IT-2 summarizes the source of the alkali halides used and
the methods used in preparing the alkali halide pellets containing malonic

acid.
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Table II-1

Summary of Behavior of Malonic Acid In Various Alkali Halide Matrices

Alkali Halide

Behavior by Reaction Type (see II-1) and Comments

NaCl

NaBr

Nal

KCl

KBr

Ki

RbC1

RbBr

RbI

CsCl

CsBr

Undergoes Reaction I. Good material for pellets. Diffi-
cult to render anhydrous. Some water evident in spectrum
of pellets used.

Undergoes Reactions I, II, or III, depending upon amount
of water present,

Transmittance of pelleté too low to obtain useable

spectra.

Undergoes Reactions I and II. Good material for
pellets.,

Undergoes Reaction I. Good material for pellets.

Undergoes Reaction IT and some Reaction I. Good
material for pellets.

Undergoes Reactions I and II. Very good material for
pellets.

Undergoes Reaction I. Good material for pellets. Some
water evident in spectrum of pellets used.

Undergoes Reaction I. Best of all materials used for
pellets.

Undergoes Reaction III. Independent of amount of water
present. :

Undergoes Reaction I. Poor material, for pellets. No
water evident in spectra of pellsts used.

Undergoes Reactions I and IL. Fair material for.peliets.
No water evident in spectra of pellets used.




Table II-2

Summary of Source of Alkali Halides Used and Method of Preparation
of Alkali Halide-Malonic Acid Pellets

Salt Source* Drying* Preparation*

Procedure
NaCl Fisher Yes IT
NaBr Brinkman No I
NaBr Brinkman Yes I
NaI Brinkman No IT
KC1 Fisher Yes I
KBr Fisher, Harshaw, Yes I
Brinkman
KT Brinkman Yes I
RbC1 Brinkman No II
RbBr Brinkman Yes I
RbIl Brinkman No IT
CsCl Brinkman No 11
CsBr ; Brinkman No IT
Csl Brinkman No IT

*See Introduction and General Experimental Section.
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II-3-2: Preparation of Potassium Hydrogen Di-monohydrogen Malonate

KH(MHM)2

KH(MHM)2 was prepared by two different procedures. The first of
the methods of preparation involved weighing potassium hydroxide and
malonic acid in a 1:2 mole ratio. The two preweighed portions were then
dissolved in separate flasks of distilled water with addition of enough
ice to make the mixtures slushy. These two slushy mixtures were then
mixed together slowly. In order to prevent the heat of reaction from
decomposing the reaction product, the reaction flask was also kept cool
by means of an ice water bath. The mixture was then allowed to warm to
room temperature and most of the water was removed using a rotary
evaporator and a water aspirator. The remaining water was removed by
reduced pressure using a vacuum pump.

In order to prepare KH(MHM)2 by another method it is necessary
only to dissolve malonic acid in acetone or diethyl ether and then add
solid KOH which was prewashed with distilled water. The KH(MHM)Z forms
directly on the surface of the pellets as an insoluble material° After
removal of the excess solid KOH, the solvent is evaporated from the pro-
duct. The product is then washed with diethyl ether and the excess
ether is evaporated. This quick and easy method of preparing KH(MHM)2
gives reliable results as evidenced by the consistency in asppearance of

the infrared spectrum of the reaction product in each case. The elemental

analysis* of the product is given below along with the calculated percentage

*A11 elemental analyses were done by Galbraith Laboratories, Inc.,
P. 0. Box 4187, 2323 Sycamore Drive, Knoxville, Tennessee. 37921,
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for KH06H,7O8 KH(MHM)2 .

Found (%) C, 29.87; H, 3.08, K, 13.88; 0 (obtained by difference),
53.17.
Theoretical (%) C, 29.68; H, 2.85; K, 15.85; 0, 51.62,
The discrepancy in the values can possibly be attributed to approximately

0.4 moles of excess malonic said per mole of~KH(MHM)20

TI-3-3: Preparation of a Product With a KOH-Malonic Acid Mole Ratio of

131.5,

The method of preparation of this material is the same as the
first method of preparation described above for KH(MHM)2 except that the
KOH:Malonic acid mole ratio is in this case 1:1.5. The infrared spectrum
(Fig. IT1-10) was nearly identical to thaf of KH(MgM)Z, (Fig, TII-9), the only
difference being the appearance of a band at 3300 K which might be

ascribed to the excess KOH.

II-3-4: Preparation of Potassium Hydrogen Malonate K(MHM)

The method of preparation of this compound is the same as the
first method of preparation described above for KH(MHM)Zu In this case
the KOH-malonic acid mole ratio was 1l:l. The elemental analysis of
the product, KHCBH2OM after two recrystallizations from distilled

water is given below:
Found (%): C, 23.58; H, 3.29; K, 26.57; (0 obtained by difference),

b6,56,

Theoretical (%): C, 25.35: H, 2.113 K, 27.57; 0, bl4,97,
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The discrepancies in the analysis can possibly be attributed
to residual water in the product.
Another method of preparation of K(MHM) involves heating
KH(MHM)2 under reduced pressure. Application of gentle heat to a
partially evacuated flask containing KH(MHM)2 results in the sublimation.-
of malonic acid leaving a residue of K(MHM), as evidenced by the infrared

spectrum of the product.

II-3-5: Preparation of a Material with A KOH-Malonic Acid Mole Ratio of

1.5:1

The method of preparation of this material is the same as the
first method described above for preparation of KH(MHM)2 except that
the KOH-malonic acid mole ratio used was l.5:1. The infrared spéctrum
(Fig. I1I-12) of the product obtained indicated that the product might be a

mixture of K(MHM) and KM-H,0 (Figs, 1I-11 and II-13).

IT-3-63 Preparation of the Dipotassium Malonate-Monohydrate KZ(C3H204)°

or KZMoHZO

K2M°H20 is prepared by the same method as that described first
above for KH(MHM)Zq Tn this case the KOH-malonic acid mole ratio used
was 2:1.

The elemental analysis is given below along with the calculated

values for K2C5H20Q°H20°

Found (%): C, 18.17; H, 1.52; K, 39.59; O (obtained by difference),

50,72
Theoretical (%): C, 18.15; H, 2,02: K, 39.42,
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The discrepancies between the found and theoretical values can

possibly be explained by incomplete formation of the hydrate.

II-3-7: Preparation of Anhydrous Dipotassium Malonate KZCBHZOQ’ or KZ(M)

This product was prepared by a thermal dehydration of K2M°H20

under reduced pressure. Lhe K2M°H20 was placed under a reduced pressure
of approximately 0,5 torr and heated to approximately 200°. This pro-
cedure resulted in a loss of water from KéM"HZO forming K2Mo This fact
was confirmed by the infrared spectrum (Fig., II-12) and by recrystal-
lization of K M from water, reforming KZMoHZO as evidenced by the

2
infrared spectrum (Fig. . IT-13).

Test for the Presence of HCl from the KCl-Malonic Acid Reaction

I1-3-8 Mixtures

An attempt was made to observe HCl evolution from several heated
KCl-malonic acid pellets of the composition used in the research.
Several pellets were placed in a 10 em gas cell fitted with NaCl
windows, and the cell placed in an oven at 100°, The gas cell was then
removed intermittently, placed in the infrared spectrometer and the
spectrum recorded. Upon conclusion of the total heating interval of
48 hours, some of the pellets were removed from the gas cell, placed in
an infrared spectrometer and the spectrum recorded. The infrared
spectrum showed evidence of the occurrance of the double decomposition
reaction, but no HCl was deteclted in the gases above the pellets in the

gas cell.
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A loose power mixture of pre-dried KCl and malonic acid (approx.
10% malonic acid by weight) was placed in a 10 an gas cell fitted with
NaCl windows. The cell was then kept at approximately 100° for several
days. Intermittently, the cell was removed from the oven, placed in
the infrared spectrometer, and the spectrum of the gases over the loose
powder obtained. In order to determine whether the above decomposition
(salt formation) reaction was proceeding under the conditions maintained
above, another portion of the same starting material was placed in a gas
cell and heated under the same conditions. At certain intervals, por-
tions of the mixture were removed, pressed into a pellet, placed in
the infrared spegtrometer and the spectrum obtained. These spectra
demonstrated thaf the double decomposition reaction was indeed occurring
under these conditions.

Neither of the experiments outlined above enabled the observance
of evolved HCl from either the pellets or the loose powder mixture nor
did the pellets obtained from the experiments show any evidence of
trapped HCL,

In an effort to determine whether HCl could be observed in any
case under the experimental conditions of the experiments outlined
above, the following experiment was devised. Hydroxylamine hydrochloride
(NH20H°H01), which was showun to give off HCLl when heated, was miked with
KC1, pressed into a pellet and the pellet heated at 120°, The infrared
spectrum of the pellet gave evidence of the decomposition of the
NH20H°HC1, but no indication of HC1l trapped in the matrix. Several

pellets of KCl-—NH2 OH*HC1 were then prepared, sealed in e gas cell, and



heated at 120° C. The infrared spectrum of the gases above the pellets
in the cell, obtained intermittently during heating, showed that HC1

had been evolved from the KClaNH20H°H01 pellets.

II-3-9: Preparation of Anhydrous NaBr Pellets

The method used to dry the NaBr is the same as that described in
the General Introduction and Experimental Section under Pellet Prepara-
tion. The dried NaBr was mixed with predried malonic acid by means of
ah agate mortar in a glove box which was purged with dry air. A pellet
die was also placed in the glove box, and, at various grinding inter-
vals, filled with the desired amount of the mixture and removed for

pressing of the pellets.

II-3-10: Preparation of CsCl Pellets

The pellets of CsCl and malonic acid were prepared by grind-
ing predried CsCl, or CsCl used as received, and malonic acid in the
lsboratory atmosphere in an agate mortar and then pressing the material
into a pellet: The pellets of moistened CsCl and malonic acid were
prepared in the same manner with the exception that vaerious amounts

of distilled walter were added to the CsCl before grinding.

I1-3-=11: NMR Spectra of Malonic Aecid

The nmr spectra of malonic acid with acetone as a solvent was
obtained from a Varisn HA-60 High Resolution NMR Spectrometer. In an
attempt to obtain the nmr spectrum of the product of the anomalous

behavior of malonic acid in CsCl, acetone was added to a CsCl-malonic
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acid mixture which had been ground in an agate mortar. The nmr spectrum
of the resultant solution matched that of malonic acid. The infrared
spectrum of the pellet pressed from the CsCl-malonic acid mixture

which had been ground, washed with acetone and the acetone evaporated
showed no absorption bands indicating that the malonic acid was com-

pletely removed from the CsCl.

Thin-layer Chromstography

Malonic acid and CsCl (approximately 5% malonic acid by weight)
were ground together in an agate mortar. To this mixture, approximately
5 mls of acetone were added and the mixture stirred for approximately
one minute. Two to three microliters of this solution along with a
reference spot (2 microliters of an acetone solution of malonic acid
which was approximately 5% malonic acid by weight) were placed at
the bottom of a Thin-layer Chromatographic plate covered with silica gel.
The plate was developed with n-hexane.

The above procedure was then repeated using acetone as the
solvent and a 50% n-hexane:50% acetone solution as developer.

The entire procedure described sbove was then repeated using
ethyl ether as a solvent for both the CsC1~malQni§ acid mixture and
the reference solution. The developing solutions were the same as those

described above.
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PART IIT

The Kinetics of Thermal Decarboxylation of Malonic Acid in
KBr and in RbBr.

IIT-1: Introduction and Literature Survey

The years following a report1 of research into the thermal de-
composition of aqueous solutions of malonic acid have breught a number of
papers dealing with the thermal decarboxylation of malonic acid and its

3 studied the decarboxylation of

derivatives. Hinshelwood? and Laskin
molten malonic acid and found the reaction to be first order in appearance
of COZ° Many worker’sug13 have investigated the thermal decarboxylation
of ¢ enriched malonic acid in various solvents. Others14 have in-
vestigated the thermal decarbexylation of malonic acid=d4 in the molten
state. Investigationsof the decarboxylation reaction have been
carried out in numerous solvents by Clark15“16 and by othersz%azo

The large volume of research on the thermal decarboxylation of
mglonic acid has generated a number of proposed mechanisms for the

29

reaction., Falrclough™  proposed a mechanism for the decarboxylation
of Cf ~unsaturated acids in general which ilnvolved the formation of a
cyclic intramolecularly hydrogen bonded intermediate. Partial sub-
stantiation of this mechanism comes‘from research, reported by Kenyon
~and.Ress,30 showlag evidence of the formation of a carbon-carbon
doubie bond during decarboxylation. However, the fact that the de-

carboxylatien of molten malonic acid exhibits no deuterium isotope

effectlu shows that the formation or dissociation of this cyelic
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intermediate is not the rate determining step. Frankel et 3131 have
proposed a bimolecular reaction mechanism in which the rate deter-
mining step is the formation of a complex between the electrophilic
carboxyl carbon atom and the nucleophillic solvent molecules. Frankel's
mechanism is consistent with the observed data for the thermal de-
carboxylation of malonic acid and also for (X -unsaturated acids in
general, |

In the work reported here, the thermal decarboxylation of malonhic
acid has been studied in various alkali halide matrices. In most of
the salts studied, useful data could not be obtained due to a competi-
tion reaction involving malenic acid and the alkall halide studied.
However, in some of the salts studied (e.g., XKBr, and RbBr) the double
descomposition reaction proceeded only to a negligible extent, allowing
the collection of data which could be used to determine reaction rate
constants. The decarboxylation of malonic acid in alkali halide
matrices is shown to be first order in disaeppearance of malonic acid.

Other workersBBéB? have studied effects upon the kinetics of
other reactions when the reactants are suspended in salt matrices.

The net resulis of the research done by these workers show an overall
effect upon the energy of activation of a reaction when the reactants
are suspended in salt matrices. There is, however, no evidence of

variation of activation energy from salt to salt.
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ITI-2: EXPERIMENTAL

Constant Temperature Bath

The constant temperature bath consisted of a Fisher Unitlzed
Bath filled with either Fisher Bath Wax (flash point 325°) or Ucon
0il 50-HB-280-X (obtained from Union Carbide Chemicals Corporation,
Charleston, West Virginia)u The Ucon oil, stebilized with phenothia~
zine enabled routine prolonged operation of the bath at temperatures
up to 170°, Operating temperatures higher than 170° could be main-
tained for shorter periods of time. The Fisher bath wax could not
be maintained at temperatures greater than 1500, due to decomposition
of the wax. The fact that the Ucon fluid is water soluble enables
convenient and easy cléaning of equipment.

The temperature of the bath was maintained by a mercury expan-
sion controlled electronic relay system. In the bath, two heatlog
coils were placed, one of which was controlled by the electronic
relaying system, the other by an auto-transformer. This system
enabled temperature control within a * 0.05 degrees temperature range.
A Philadelphia thermometer was wused during bath operation to obtal
the range of temperature variation. The actual temperature of the
bath was obtained by a standardized thermometer. The thermometer
was standardized against National Bureau of Standards thermometer set
number 51364, and the temperature maasured during an experimental run
was corrected accordingly.

A plywood rack was constructed for the bath in order to enable

the placement of the reaction tubes in the bath. The resction tubes



65

used were standard 6-inch test tubes stoppered with corks.

Procedure Used to Obtain Kinetic Data

The procedure used in the preparation of alkalil halide pellet
mixtures has been described previously. In preparation for a kinetic
run using the multipellet method, 10 to 15 pellets were pressed, weighed
to the nearest 0.0lmilligram and the infrared spectrum of each obtained.
The absorbances of the initial spectra were then used to establish
the zero time absorbances of each pellet. The pellets were placed
individually in test tubes and the tubes placed in the constant teupsra-
ture bath. Each pellet was then removed from the bath upon elapse of
a specific amount of time. The times were obtained by means of a
stopwatch which was allowed to run continuously throughout a kinetic
run. Upon completion of the pellet heating times, the spectrum of each
pellet was obtained after the pellet was repreésede The repressing
was necessit;ted by the fact that, upon heating, the pellets became
opaque and expanded slightly, as evidenced by the inability to re-
place the pellets into the pellet die. The repressing procedure re-
sulted in a slight weight loss which necessitated correction of the
absorbances obtained after repfessing. Most of the weight loss during
repressing was the result of the necessity to sand the edges of the
pellets in order to replace them in tbe pellet die. ;

After obfaining the spectra of all of the heated pellets the
band transmittances,or absorbances, were then obtained by the baseline

technique. These values were punched on computer data cards and the data
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analyzed by a computer program written specifically for this work.

The program is listed in the Appsndix.

IIT1-3: Results and Discussion

Absorbance vs. Pellet Weight Plots

Figure ITI-1 shows a plot of absorbance versus pellet weight
for the infrared.absorption bands at 3000 K in malonic acid. The
corresponding data for the other bands are comparasble. The fact that,
within experimental errors, the calculated intercept of the line is at
the origin, means that the absorbances of each pellet can be corrected
to a standard pellet weight by way of a simple weight ratio. In this
work, the standard pellet weight (WO) was chosen as 0.20000g. The
infrared band absorbance of a pellet of welght W£ can then be corrected

to the absorbance of a pellet of weight Wo by the following formula:

corr At' (Wb/Wi)
or in this case
corr = A, (oozoooo/wﬁ )

Ay . is the experimentally measured absorbance and W, the experimentally

determined weight of the pellet. Acorr is then the absorbance which

a pellet, of weight Wes would have exhibited if it had weighed 0.2000 g.
These corrected absorbances lend themselves quite well to calcula-

tions of the variance of the absorbance measurements, The calculated

variances give an indication of the errors assoclated with the measure-

ment of the absorbances, as well as the absorbance measurement errors
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associated with the inhomegeneity of the pellet mixture. The

variances of the initial absorbances of each of the bands plotted

is given in Teble III-1. These absorbances were obtained from approxi-
mately 50 pellets all of which were pressed from the same pellet

mixture.

Table ITI-1

Variances (x 103) of absorption of 9 of the major bands of malonic
acid as average variances obtained from 5 kinetic runs made
on the same bulk pellet mixture

Absorp-
tion
Band(K) 3000 1700 1440 1310 1220 1175 900 760 650

Variance 142 2-2? 062 056 1.a 13 1n Ol 082 150 053

Reaction Order Plots

Previous work33“37 has shown that in KBr pellets, the absorbance
of the sample varies linearly with concentration over the ranges of
concentrations used in this work. By making pellets of mixtures of
KBr and malonic acid in varying concentrations and obtaining their
infrared spectrum, it was shown that all 9 of the major absorption
bands of malonic acid obey Beer's Law over the concentration range of

interest in this work.
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The thermal decarboxylation of malonic acid can be written

HOOCmCH2~COOH --é-‘—~> CHBCODH + 002 (1)

Since absorbance is directly proportiongl to concentration the rate

law of the reaction can be written as

_QEEL%]:;{ [2]" | (2)

Taking the logarithm of both sides of equatian (2)

log |~ —é‘—[él~= log k +n l: log [A]:} (3)

dt

Plotting log (Aa/AT) versus log (4) should give a straight line of
slope n, the reaction order of the component whose absorbance is
used.

The quentity (AA/AT) can be determined by either of two methods
(1) by plotting A versus t and obtaining the slope of the resulting
curve at various A values, or (2) by calculating (AA/AT) using
the actual data. The latter method means choosing values of absorbance
at various times and calculating the change in absorbance (AA) during
the time interval (At). The ratio (AA/A1t) is then plotted against
the logarithm of the starting absorbance chosen. The second method
described was used to obtain Figures III-2 through IIT-k,

Plots of the equation for the absorbance of the 3000 K band are
shown in Figures III-2 through ITI-4 for the decarboxylation malonic

acid at three different temperatures.
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The slopes of the resulting plots (Figures III-2 through III-4)
are 1,18 at 144,9°%, 1.15 at 161,0° and 1,08 at 167.0°. The fact that
these values of the slopes are close to 1 enables the assumption
that the thermal decarboxylation of malonic acid in alkali halide

matrices is a first order, or pseudo-first order, reaction.

Rate Constant Plots and Data

For first order reactions, the integrated rate expression is
Co
kt = ln 57— ' (&)
T

where C is the initial concentration and C, is the amount of reactant

t
remaining at time t.

From Beer's Law
A = abC (5)

where b is the thickness of the pellet in mm, € is the concentration
of the sample in the pellet in moles/ml and a is the absorptivity of

a particular absorption band., In the case of & circular pellet
v =Tri’b = W /a (6)

where r is the radius of the pellet, d is the density of the pellet

and WJG is the weight of the pellet at time t. Rearranging equation

(6) and substituting into equation (5) gives
7TAtr2d
T ) amZ%%

C (7)
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Table III-2:

5y

Absorbances Used to Determine k! for the Thermal Decarboxylation
of Malonic Acid in KBr at 142,00°

Initial Absorbances for Indicated Bands (K)

e Pellet
No._3000 '1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1/0.999 1.672 1.011 0.976 1.708 1.235 0.991 0.393 0.809 0.32565
2 04530 1,098 0559 0.518 0.842 0.656 0.549 0.214 0.439 0.18672
3 0774 1.664 0831 0777 1.249 0.993 0.803 0.308 0.659 026500
4y 0.628 1.361 0689 0611 0.981 0807 0.657 0.252 0.526 0.21737
5 04429 0.8B52 0455 D.422 0.658 0.553 0.437 0.173 0.347 0.14683
6 0:450 0.904 04468 0.436 0.750 0.581 0.463 0.181 0.392 0.16126
7 0:491 1,065 0:534 0.493 0,775 0.627 0.513 $.190 D.408 0.16914%
8 04623 1.286 0677 0644 1.001 0,505 0.645 0.257 0.539 0.22995
9 D475 1.000 0520 0:490 0.820 0,645 0.520 0.200 0.416 0.17556
10 04670 1.342 0:699 0.68B3 1.069 0.859 0.694 (0.270 0.575 023905
11 0.621 1.286 04635 0586 0.947 0759 0.612 0.236 0.493 0.20953
12 0260 0.455 0:296 0278 0385 06336 0.294 0.126 0.244 0.16232
13 0.599 1.286 0636 0.607 0.896 0,728 0.588 0.236 0.482 0.20785
14 0.551 1.133 0.632 0544 0.826 0.694 0.556 0.214 0.455 019014
15 0:469 1,060 0477 0.482 0719 0607 0.475 0.184 0.390 0-16316
16 0:608 ‘1.267 0655 0.602 1,183 0,793 0,653 0.274 0.541 0.22044
17 0477 1.057 0.564 0.507 0:.820 0,647 0.538 0.220 0.455 017490
. ; Absorbances After Indicated Heating Intervals
Pellet

3000 1700 1440 1210 1220 1175 900 760 - 650 - Time Weight(g)
1) 0.000 0-000 0.000 0000 0.000 0.000 0.000 0.000 0.802 5.0 '0,32233
2 0547 1.290 0.674 0,000 0.833 0,000 0.431 0.000 0.261 . 10-.0 0.18440
3 0.869 1.763 1.073 0,000 1.274 0,000 00665 0.000 0.380 15.0 0426532
4 0+415 1.043 0.542 0.000 0s571 0000 0.302 0.000 0.158 20.0 0.21600
5. 02169 0380 0.237 0.0800 0,225 0.000 0.112 0.000 0.047 250 0.14454
6 0122 0286 05213 0.000 0,177 0,000 0.105 0.000 0.031 30.0 0.15890
7 0.083 0.254 05173 0000 0,154 0,000 0-078 0.000 0.031 . 35.0 D.16730
8 0.095 0.287 0.185 0,000 0.161 0.000 0.078 0.000 0.037 40.0 0.22560
9 0.000 0,081 0.000 0.000 0,000 0.000 0.000 0.000 0.000 50.0 017294
10 0:000 0.111 0000 0.000 0.000 0,000 0.000 0.000 0.000 55.0 0.23690
11 0.000 0.G97 0.000 0.000 0,000 0.000 0.000 0.000 0.000 60.0 0.20707
12 0.000 0.0685 0.000 0.000 0.000 0.000 0.000 0.000 0.000 45.0 0.16000




Table III-3., PLOTFA (See Appendix I) for Indicated Bands (K) for the Thermal
Decarboxylation of Malonic Acid in KBr at 142,0°,

3000 1700 Ah4l0 - 1310 1220 1175 900 760 650 Time
0.000 O;OOG' 0.000 0,000 0.000 0.000 0;000 0. 000 -0.001 5.0
~0.020 -0.075 ~0.087. 0,000 -0.,001 0.000 0.100 0.000 0.221 1§-0'
-0.050 -0.025 ~-0,121 0,000 -0.008 0.000 0.082 0.000 0.239 15.0
Oui?? 0.113 0.101 O0.000 0.232 0.000 0.334 0,000 0.520 200
0398 0.344  0.277 0.000 - 0.460 0.000 0.586 0.000 0.866 25.0
Oasbﬂ' D.494 0.336 0.000 0.621 0,000 0.637 0,000 1.092 30.0
0.766 0.618  0.484 0.000 0.697 0.000 0.813 0.000 1.114% 35.0
0-811. 34643- 0.554 0.000 0.786 0.000 0.911 0.000 1.152 400
0.000'"1.683 0.000: 0,000 ©0-000 0.000 0,000 0.000 0.000 50.0
0,000  1.080: 0.000 05600 0.000 0,000 0,000 Q.000 0.000 55.0
0.000 1.117 0.000 OoGOO 0-.000 0.000 0,000 0,000 0,000 60,0
0.000 0725 0.000° 0,000 0,000 0.000 0,000 0»600 0.000 45.0
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Table III-4, Absorbances Used to Determine ké for the Thermal Decarboxylation
of Malonic Acid in KBr at 153.2°.

Initial Absorbances for Indicated Bands (K)

Pel-
let Pellet
No. 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1 04773 1.648 0.884 05735 1.286 1.079 0.771 0.233 0.680 0.27748
2 0,786 2:045 0988 1-Fk75 1,449 1.176 0.798 0.242 0.716 0.27060 -
3 0370 0.693 0462 0378 ‘0597 0.471 0.414 0.148 0.291 0-.18185
4 0.597 1596 0703 0543 0,983 0.770 0.679 Co167 0.677 0.20078
5 0.711 1,176 0,619 0.504 0.887-0.653 0530 0.147 0.509 0.19614
6 0.606 1673 0726 D558 1.148 0.820 0.591 1.184 0.507 020344
7 0547 1.320 0621 0:490 0.921 0.686 0.524% 0.154 0.539 0-19757
8 0.525 1.308 0.604 0,481 0.906 0.673 0.527 0.142 0.509 0.18866
9 0.551 1.334 0,638 0:528 0-943 0692 0.562 0,186 0.560 0.19193
10 0.596 1542 0723 0.586 1.148 0.831 0.632 0.245 0.577 0.20860 -
11 0.604%4 1.571 0.682 0578 1.122 0.843 0.625 0.191 0.622 0.20610
12 04525 1.382 0608 05488 0.910 0.655 0.527 0.152 0.521 0-18953
13 0470 1.036 0,530 045420 0.799 0.579 0.452 0.129 0.463 0.16716
14 00428 D906 0+447 0.350 0.646 0.491 0.366 0.103 0.390 0.13215
15 0:427 0935 0.479 0:387.0.704 0.539 0.422 0.123 0.436 0.14578
16 0356 0.790 0:408 0:333 0,585 0.457 0.349 0.098 0.333 0-,12315
Absotbances After Indicated Heating Intervals
Pellet
3000 1700 1440 1210 1220 1175 900 760 650 ‘Time Weight(g)

0-000 0.000 0000 0.000 0,000 0.000 0.000 0.000 0.000 0.0 0.00000
0+942 0-000 10213 0,000 1.423 0.772 0,573 0,000 0.000 5.0 026390
0:225 0.555 0,246 0.000 :0.274 0-242 0.090 0-.000 0.000 10.0 0.18090
0218 0.545 0.265 0:000 0.281: 0.251 0.091 0.000 0.000 12.5 0.20033
04095 0+24]1 0.128 0-.000 0.131 0176 0.033 0.000 0.000 15.0 0.19337
0069 0.218 0.000 0000 0.128 0.141 0.020 0.000 0.000 17.5 0.,20003
0.053 0.158 0,000 0.000 05092 0-.114 0.000 0.000 0.000 20.0 0.19391
0.049 0.116 0.000 0:000 0.078 0.077 0.000 0.000 0,000 23.0 0.18614 .
0.040 0.106 D000 0-000 0,068 0.072 0.000 0,000 0-000 25.0 0.19035
0.028 0076 6000 0,000 0073 0.079 0.000 0,000 0-000 27.5 0.20505
0.022 0072 0000 0.000 0.060 0-078 0.000 0.000 0.000 30.0 0.20600
0.01i8 0-.060 0s000 :0.000 0.,063 0,067 0.000 0.000 0.000 33.0 0.18847
0023 0.046 0.000 0,000 0,053 0.055 0,000 0.000 0.000 35.0 0.16640
0.040 0.029 0000 0.000 05063 0.069 0.000 0.000 0.000 40.0 0-13072
0.046 0.036 0.D00 0<000 0+049 0-048 0.000 0-000 0.000 45.0 0-14320

} e
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Table III-5. PLOTFA (See Appendix I) for Indicated Bands (K)Ofor the Thermal
Decarboxylation of Malonic Acid in KBr at 153.2°.
3000 1700 1440 1310 1220 1175 900 760 650 Time
0.000 0.000 0.000 0.000 0,000 0,000 0,000 0.000 0.000 0.0
-0.089 0.000 —-0.100 0.000 -0.003 0.172 0.133 0,000 0,000 5.0
0.213 0.09% 0272 0,000 0.336 0.286 0.660 0.000 0.000 10.0
0.437 0.466 07423 0.000 0.543 0.485 0.872 0.000 0,000 12.5
0.866 0.681 0,677 0.000 0.824 0.563 1,198 0.000 0.000 15.0
0.934 0.879 0.000 0.000 0,944 0.759 1.473 0.000 0,000 17.5
1,008 02914 0,000 0.000 0,991 0.773 0.000 0.000 0,000 20.0
1.028 $.045 0.000 0,000 1.060 0.937 0,000 0.000 0.000 23.0
1.140 1.097 0.000 0.000 1,137 0.982 0,000 0.000 0.000 25,0
1.313 1.298 0.000  0.000 1.187 1.013 0,000 0,000 0.000 27.5
l.434 1.340 0,000 0,000 1.273 1.033 0.000 0.000 0.000 30,0
1457 1.359 0000 0.000 1.157 0.987 0,000 0.000 0,000 33.0
1.311 1.350 0.000 0,000 1.175 1.018 0.000 0.000 0,000 35.0
1,021 1.492 0,000 0.000 1,004 0.849 0,000 ©£.000 0,000 40,0
0.957 1,406 0,000 0,000 1.149 1.039 0.000 0.000 0.000 45,0
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Table IIT-6. Absorbances Used to Determine ké for the Thermal Decarboxylation
of Malonic Acid in KBr at 149.07,
Initial Absorbances for Indicated Bands (K)

Pel~
let Pellet
No. 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1 0.377 0.841 Do436 06362 0625 0,495 0.397 0.129 0.420 0.19277
2 0404 0.888 0.467 0.381 0,641 0.515 0,418 0.136 0.444% 0.20327
30384 0.866 0436 0349 0.549 0.465% 0.331 0.116 0.356 0.18304
4L 0:327 0.720 0.380 0.304 0.503 0,410 0.337 0107 0.339 0-15341
504330 0.674 0.371 0,291 0515 0.398 0.333 0.113 0.333 0.15353
6 0440 1.111 0,524 0.432 0.769 0.586 0.4864 0.157 0.432 0.20576
7 0280 0,609 04332 0276 0.473 0.373 0.316 0.109 0.339 0.14888

80,342 0690 0.393 0.320 0545 0,440 0.352 (o123 0.360 0.17948

90,379 0756 0.418 0.328 0.575 0.446 0.353 (0.118 0.380 0.1875%
10 0358 0,816 0,426 0.352 0,607 0.478 0.402 0.143 0.404 0-19218

Absorbances After Indicated Heating Intervals
) Pellet
3000 1700 1440 1210 1220 1175 900 760 650  TiMe weight(g)

1 0.606 1.514 0,762 0000 00882 0483 0.464 0,000 0.336 5.0 0.19139
2 0405 1.001 0539 0.000 0545 0,331 0.512 C.000 0179 10.0 00,2019}
3 0.174 0.442 0,218 0.000 0.205 0,197 0.056 0.000 0,106 15.0 (0.18137
4 0,063 0.165 0,097 0,000 0.075 0.125 0.021 0.000 0.000 20.0 0.15148
5 0.028 0,114 0.063 0.000 0.047 0,050 0.025 C.000 0.000 25.0 0.15038
6 0032 00129 0.086 0.000 0.055 0,060 0.000 0.000 0.000 30.0 0.20498
7 0.000 0,057 0.000 0,000 0.000 0.000 0,000 0.000 0,000 35.0 0o.l4687
8 0,000 D.062 0,000 0.000 0.000 0,000 0.000 0.000 0.000 40.0 0.17777
9 0.000 0.046 0,000 0.000 0,000 0-.000 0000 0.000 0.000 45.0 0.18618
10 0.000 0046 0000 0,000 0.000 0,000 0.000 0.000 0.000 50,0 0.19091




88

Table III-7. PLOTFA (See Appendix I) for Indicated Bands (K) for the
Thermal Decarboxylation of Malonic Acid in KBr at 149.0°,

3000 1700 1440 1310 1220 1175 900 760 650 Time

~0.209 —0.258 —0.246 0.000 -0.152 0.007 -0.071 0.000 0.093 5.0
-0.004 -0.055 -0.065 0.000 0.068 0.188 -0.090 0.000 0.391 10.0
0-.341 0.288 0296 0,000 0.424 0.369 0.769 0.000 0.524 15.0
0.711 0.634 0,588 ' 0.000 0.819 0,509 1.202 0.000 0.000 20,0
1.6&4 0.762 0.758 0.000 1.029 0.890 1.121 ﬁaOOO 0,000 25.0
1.134° 0.933 0.785 0,000 1.141 Oo9é7 0.000 0.000 0,000 30,0
0.000 " 1.025% 0.000 0.000 0.000 0.000 0,000 0.000 0.000 35.0
0.000 1.044 0.000 0,000 0.000 0.000 000001 0.000 0.000 40,0
0.000 1.210 0.000 0.000 0.000 0.000 0.000 0,000 0,000 4540

0.000 1.245 0.000 0.000 0.000 0.000 0.000 0,000 0,000 50,0
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Table IIT-8. Absorbances Used to Determine %' for the Thermal Decarboxylation
of Malonic Acid in KBr at 146.3 .

2 Tnitial Absorbances for Indicated Bands (X)

i

EZ% Pellet
: No., 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
170.%0% 0863 0,482 0,403 0.639 0.533 0.455 0.172 0.457 0.23725
2°0.386 0.863 0474 0:398 0.587 D481 0.441 G.161 0.447 0.212562
3 0.481 1.083 0.551 0o491 0.799 0.601 0.539 0.207 0.497 0.26823
470.441 1.029 04549 0472 0765 0.600 0.535 0.188 0.512 0.25883
5'0.324 0700 0.391 0.338 0,545 0.450 0.381 0.132 0.388 0-18136
6 0.25%4 0.602 02334 0.277 0.447 0.372 0.309 0.115 0.329 0-14168
7 04334 0,676 04382 05320 0504 0.431 0.344 0.124 0.359 0.,17338
8 0:292 0598 0347 D288 0,458 0.377 0,329 0.120 0.345 0.17897
90316 0.622 04389 0308 0.484 0.398 0.367 0.137 0.356 019627
10 0.345 0708 0386 0.339 0.532 0.444 0,386 0.152 0.374 0.20526
11 0363 0742 0-433 05363 0.569 0470 0.404 0.148 0.421 0.20222
12 0282 0s598 06345 0284 0,457 0.368 0.321 0.118 0.361 0.16103
13 02331 0682 0413 0,353 0,552 0443 0,399 0.148 0.410 0.20430
14 0228 0472 04+245 0,209 0.347 0.279 0.231 C.091 0.263 0.14175
Absorbances After Indicated Heating Intervals
Pellet
3000 1700 1440 1210 1220 1175 900 760 650 Time Weight(g)
1 0.745 1.628 0,836 0,000 1.050 0.523 0.555 0.000 0.389 5.0 0.23662
2 0506 1.397 0.683 0,000 0,759 0,385 0,362 0.000 0.293 T-5 0.20801
3 0.000 0.,000 0.000 0.000 0,000 0-000 0.000 C-000 0.000 D.0 0.00000
4 0.000 0.000 0.000 0000 0.000 0.000 0,000 0,000 0,000 0.0 0.00000
5 0172 0546 00261 0,000 0,240 0.182 0,128 0.000 0.182 15.0 0.17981

0.133 0.292 0.152 05000 0,119 0.131 0.059 0.000 0166 17.5 0.13856
0.158 '0.383 0:194 0.000 0.146 0167 0-079 0-000 0.174 20.0 0.17208
0.102 0.219 0+128 0.000:0.114 0.165 0.055 0.000 0,075 22.3 0.17762
02092 0195 00134 0000 0.091 0.179 0.051 0,000 0.050 25.0 0.19228
0.053 0.152 0,073 04000 0,071 0.100 0,011 0.000 0.081 30.0 0.20394
0.037 0097 0,061 0000 0-044 00038 0,022 0.000~-0.002 35.0 0.20029

= OO 00~3 O\

s
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Table IIT-9. PLOTFA (See Appendix I) for Indicated Bands (X) for the Thermal
Decarboxylation of Malonic Acid in KBr at 146,3°,

3000 1700 1440 1310 1220 1175 900 760 650 Time
~0:.266 —0.277 ~0.240 0.000 —-0,217 0.007 —-0.088 O0.000 0,070 5.0
-0.127 -0.218 -0.168 0.000 -0.121 0.088B 0,076 0;000 D173 7.5

0.000 0.000 0,000 0.000 0.000 0.000 0.000 0,000 0,000 0.0

0.D000 0.000 0,000 0,000 0.000 0,000 0,000 0,000 0,000 0,0

0.272 0,105 0.172 0.000 0,352 0388 0471 0.000 0.324 15.0

02273 0.305 0.333 0.000 0,565 0,442 0.707 0.000 0.288 17.5

0.320 0.243 0:291 0.000 0.534 0.409 0-636 0,000 0.311 200

0454 (0.432 0,428 0,000 0,602 0.356 0.77L 0,000 0.658 223

0,527 0496 0.454 0.000 0716 0-.339 0.851 0.000 0.844 25,0

0:815 0.664 0,723 0,000 0.871 0.8645 1.5456 0,000 0.661 30.0

0.982 0.879 O0.847 0,000 1,109 1.083 1.265 0.000 0.000 35.0




Table ITI-10.

of Malonic Acid in KBr at 144.9°,

Initial Absorbances for Indicated Bands (K)

91

Absorbances Used to Determine k' for the Thermal Decarboxylation

Pel-
let Pellet
No. 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1 0587 0743 0709 04591 0972 0.780 0.68B5 0.263 0.569 0.28624
2 04589 1.390 0759 0.627 1.133 0.846 0.695 0.272 0.609 0.26530
3 0s488 1.079 0,595 0.512 0,889 0.672 0.577 0.228 0.508 0.22230
L 0.451 0.920 0.549 0.468 0.737 0.61C 0.513 0.194 0.438 0.,19846
5 0.480 1.119-0.581 0:498 0.822 0.634 0,897 0.190 0.476 0020225
6 0.450 0:946 0.529 00453 0.745 0.599 0.510 0.185 00457 0.17415
7 00319 D667 0.380 0.322 0556 0.429 0.359 0.141 0.325 0.13593
8 0.402 0.869 0.48B7 0416 0.690 00539 0,470 0.177 0.416 017400
9 0372 0,754 0,429 0371 0,620 0.489 0.416 0.158 0.387 D-15888
100,483 1.016 0:579 0.497 0.844 0.647 0,555 0.201 0.475 0.20600
Absorbances After Indicated Heating Intervals
, ‘ . Pellet

3000 1700 1440 1210 1220 1175 900 760 650 Time Weight(g)
1 1.229-0:512-0:523 0.000-0,.530 0,955 0.992 0.000 0.559 o0 0.2B475
2 0,000 0:000 0.000 0,000 0.000 0.000 0,000 0.000 0,000 0.0 0-.00000
Z 0773 1.741 0671 0,000 0,822 0.485 0.371L 0.000 0.206 12.5 0.22062

D0.467 1.267 0.802 0.000 00689 0496 0.356 0.000 0.181 15.0 019669
5 06353 0945 00475 0,000 0,535 0297 0.249 0.000 0.169 17.5 0,19695
6 00228 02555 00328 0,000 0.343 0,255 0,164 0.000 0.064 20.0 0.17147
7 0:116 04235 0.154 0,000 0.148 0.191 0.064 0.000 0,010 22.5 0.13693
8 0,134 0.295 0.191 0.000 0178 0.218 0,078 0.000 0.018 25.5 0.17146
9 0070 0-163 0.096 0000 0-097 0,125 0.000 €.000 0.001. 30,0 0.,15888
10 0.081 0.179 0.,110 0.000 0.110 0.155 0,000 C.000 0.000 35.0 0.20388




Table ITI-11.

Decarboxylation of Malonic Acid in KBr at 144.9°.

R

PLOTFA (See Appendix I) for Indicated Bands (K) for the Thermal

3000 1700 440 1310 | » 1220 1175 900 - 760,!' 650 Time
-0.323 0.000 0.000 0.,000 0.000 -0.090 -0.163 0.000 0.005 5.0
0.000 0,000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.0
-0.203 -0.211 -0.056  0.000 0.031 0.138 0C.189 0.000 0-389 12.5
~0.,019 -0,143 -0.,168 0.000 0.025 0.086 0.155 0,000 0.381 15.0
0-121 0.062 0.076 0.000 0.175 00318 0545 0,000 0-4%439 17.5
0.288 0.225 0.200 0.000 00330 0,365 00487 0.000 0,846 2000
D444 0.456 0.395 0.000 0.578 0.354 0.752 0.000 1.497 225
0.470 05463 0:400  0.000 0.581 60386 0.776 0.000 1.368 25.5
0.727 0664 0D.649 0,000 00806 0.591 0.006 0-.000 2.813 30.0
0,769 0.749 0.717 0.000 0.879 0,615 0,000 0.000 0.000 35,0




Table III-12. Absorbances Used to Determine k! for the Thermal Decarboxylation
of Malonic Acid in KBr at 138.9°.

Initial Absorbances for Indicated Bands (K)

[

let Pellet
No: 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1 0.656 1.035 0.737 0501 0.855 0.650 0.551 0.199 0.476 (0.18587
2 0425 0:682 0.403 0,342 0.558 0.459 0.387 C.l44 0.364 0.15008
3 0s432 04687 0.411 0.362 0.578 0.470 0,409 0.163 0.355 0. 15800
4 0.431 0.688 0.532 0,456 0.716 0594 0.509 0,196 0.461 019754
5 00430 0,673 0.507 0,457 0,702 0.560 0.484 0,174 0.436 018792
6 0557 1.259 0c668 0.584 0,937 0.747 0.642 0244 0.547 0.2544%
7 0484 1,054 0.584 0.512 0,851 0.649 0.573 0.209 0.486 0.21954%
8 02444 0,906 D547 00477 0.733 0.610 0.541 0.201 0.460 0.,20157
9 0470 0.954 0552 0,480 0.746 0.616 0.533 0.200 0.468 0.20927
0 0.445 0965 0:562 0,492 0.754 00639 0.569 0.223 0.439 020407
Absorbances After Indicated Heating Intervals
' Pellet

3000 1700 1440 1210 1220 1175 900 760 650 Time Weight(g)
1 00869 0,000 1147 0.694 1lo444 0,658 0,671 0,162 0,387 5.0 U.18407
2 0,276 0:522 02301 0,198 0:341 00219 0,172 0.035 0.087 10,0 (.14807
3 0529 1268 0,.557 0.362 0590 0-434 0.302 0.073 0.157 15,0 0.15840
4 00509 1273 00625 06382 0,704 0.432 0,385 0.098 0,183 20,0 0.,19754
5 0331 0776 05448 0.280 0,483 0.278 05236 0,056 0,111 25.0 0.188612
6 0.451 1.119 0.611 0,374 00654 0,370 0,322 0089 0,155 30.0 0.25445

0:.274 0.625 0,377 0.232 00403 0.291 0.198 0,049 0.081 35,0 0.214568
0.186 0434 0282 00184 0.284 0,180 0,147 0.040 0.044 40,0 0.20043
0-150 0-298 0,226 0,000 0,196 0,000 0,109 0.000 0,000 45.0 0.206658
0.117 0.244 0.170 0,000 :0.000 0.000 0.080 0.000 0-.000 50.0 0.20%08

-]
OO 0O~




Table III-13.

Decarboxylation of Malonic Acid in KBr at 138. 9°,

ad

PLOTFA (See Appendix I) for Indicated Bands (K) for the Thermal

3000 1700 1440 1310 1220 1175 900 760 550 Time
-0.126 0.000 ~0.196 -0.145 ~0.232 -0.009 —-0.090 0.084 0.08% 5,0
0.181 0.110 05121 00231 0.208 0.315 00346 0.609 0.616 10,0
~0.088 ~0.266 -0.132 —0.000 —0.010 0.034 00131 00349 00356  15.0
-0.072 —0.267 —0.070 04076 0.007 0.138 0,121 0,300 0,402 20.0
0109 -0.066 0.049 0,209 0.158 0,300 0,308 0.488 0.591  25.0
0.092 0.051 04039 05194 00156 00305 0,299 00439 0.549 3000
0.238 0+218 05181 0.333 0,315 00339 0,452 0617 0.766  35.0
0376 0317 0285 00412 00410 0,527 00564 0,700 1.0L9 40,0
04490 0.500 0.382 0.000 0.575 0.000 00683 0.000 0,000 45,0
0581 02597 0.518 0.000 0.000 0.000 0.850 0,000 0.000 50,0
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Table ITI-14., Absorbances Used to Determine k' for the Thermal Decarboxylation
of Malonic Acid in KBr at 131.9°.

Initial Absorbances for Indicated Bands (K)

Pel-
let Pellet
No., 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1l 0:267 0.524 05334 D300 0.416 0.378 0351 0.159 0.281 020707
2 D361 0745 045485 0.438 0614 0.547 0.517 0.232 0.410 0.28630
3 0324 0639 0:432 0.386 0:544 0497 0,445 $.198 0.338 0.24394
L-0s240 0497 0316 06284 00391 0,354 0.327 0.147 0.257 0.18109
5 0.341 0.631 D404 0364 0,514 00463 00421 0.181 0,329 0:.24059
6 0.354 0,647 0432 0.400 0.546 0,493 0.474 0.219 0.365 0.25108
7 04313 0606 0392 0355 0.506 0-463 0413 0.185 0.329 0.239748
8 00328 0618 0:399 0368 0.525 0.466 00433 0,197 0.349 0024000
9 0.297 0.585 0,395 0361 0.498 0,465 0.426 0-198 0,321 0021475
10 0.229 04519 00307 0.282 0390 0.356 0.328 0.157 0.272 017235
Absorbances After Indicated Heating Intervals
- . Pellst

3000 1700 1440 1210 1220 1175 900 760 650 Time Welght(g)
1 02712 10443 0:518 0,550 1,069 0.605 0,649 0.191 0.421 5.0 0,20606
2 0.000 0,.000 0.000 0,800 0,000 0,000 0,000 U000 0,000 0.0 000000
3 0.810 1.765 1.032 0,661 1.235 0,686 0,711 0,204 0,399 15.0 0.23921)
L 00588 1453 0.739 0.483 0,888 0.516 0.514 00153 0,267 20.0 0.18L09
5 0+589 1,206 0692 0.476 0,828 0.528 0,517 0,166 0,284 25,0 0.23943
6 0.654 1.806 0,797 0,516 00968 0632 0.581 0.184 0.338 30.0 024211
7 00503 1406 0-T41 0:486 0781 0.458 0,463 0.148 0.253 40,0 0.,23832
8 02430 1.048 D643 0.424 0,689 0,395 0.387 0ol29 0,215 500 023559
9 0:245 0592 0366 0243 0.368 0322 0.212 00065 0-.089 60,0 0.21270
10 0.,162 0.355 0,238 0,171 0-221 00274 0137 0.046 0.038 70.0 0,17000




9%

Table IIT-15., PLOTFA (See Appendix I) for Indicated Bands (K)ofor the Thermal
Decarboxylation of Malonic Acid in KBr at 131.9 .

3000 1700 1440 1310 1220 1175 900 760 650 Time

~0:428 ~0.442 -05192 -0.266 ~0.412 ~0.206 -0.269 —0,081 -0.177 5.0
0-000  0.000 . 0.000: 0,000 0.000 0,000 0,000 0.000 0.000 0,0
~0s407 —0a450'~05387-~0o242 ~0-364 -0.149 -0,212 -0.,023 -0.,081 15.0
*0»399 —-0.4686 “00369."00230 —-00356 -0.164 -0,197 —0,017 -0.016 2000
“Ou239 =0.283 -0:235 “QailS =00209 -0.059 -0,092 0,037 0,061 25,0
=0.282 —0.462 -0.,282 -0.126 —-0.264 —d0123 -0,104  0.061 0,017 30.0
~0-:209 —0.368 -0,279 -0-138 -0,191 0.003 -0,051 0,095 0.112 40,0
=0.126 —0.237 -0.215 ~0,069 -0.126 Coﬂé4 0.041 0.177 0.203 50.0

0.080 -0.009 0,029 0.167 0.128 0,155 0,299 0.480 0.553 60.0

0-143 0.159 0,104 0,212 0.242 0,108 0.373 0.530 0.848 0.0
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Table III-16, Absorbances Used to Determine ké for the Thermal Decarboxylation
of Malonic Acid in KBr at 158.1°,

Initial Absorbances for Indicated Bands (K)

Pel-

let Pellet
No: 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1 0.321 0.625 0.411 0.351 0.487 0.433 0.362 0.207 0.269 024242
2 0.263 02559 0317 0.262 0.356 0,309 0.309 0.127 0.262 0.20672
3 0.258 0.514 0318 0,277 0.376 0.314 0.310 0.139 0.280 0.19426
4 0.265 0515 0:325 0.295 0.411 0.374 0.354 0.157 0.286 0.20180
5 04286 0626 0357 0302 00414 00335 0.331 0.153 0.268 021637
6 D387 D784 0.559 D.455 0.640 0,578 0.532 0.251 0,427 0.29098
7 02264 05559 0,321 0262 0.367 0,303 0.317 0.135 0.270 0.21581
8 0.232 0.455 04297 0271 0.378 00338 0.314 0.138 0.259 0-18866
9 0.289 0562 0328 04263 0.388 0.300 0,296 0.123 0.246 0.18623
10 02248 0510 0.326 0.302 0,412 0.373 0.345 0,168 0.278 0-19542
11 04272 0.602 0¢335 0275 0.388 0.320 0.331 0.153 0.283 0.20837
12 0.360 0.716 0,473 0,428 0.586 0.531 0.514 0.232 0.392 027480
13 0.356 0.703 0459 05418 0.591 0.528 0,491 0,219 0.392 0.27060
14 0.209 0409 04272 05252 0,353 0.315 0,299 0.144 0.243 0.15500
15 0.287 0426 04284 06254 0.341 0.317 0.305 0.141 0.239 0.16548
16: 0,217 00426 0,273 0.248 0-341 0.314 0.292 0.136 0.236 0016500
17 04327 00641 06434 0,397 00548 0.499 00458 0.209 0.359 0.25806

Absorbances After Indicated Heating Intervals
Pellet
3000 1700 1440 1210 1220 1175 900 760 650 Time Weight(g)

1 1.015 0.000 1,148 0.726 1,310 0.888 0.722 0.214 0.512 1.0 0.24007
2 0.639 1.387 04720 0.460 0.883 0524 0.353 (.102 0.280 3.0 0.20%538
3 0:449 1.094 06533 0.321 0.686 00363 0,275 0,070 00243 4.0 0.1919%4%
4 0.504 1.427 0594 0,362 0,715 0.445 0,403 0,121 0.206 5.0 0.20023
5 De304 0758 0364 0.244 0.458 0,241 00199 0.050 0.099 6.0 0.21453
6 0.383 1.007 0.489 02301 0561 00334 0.277 0.081 0.165 7.5 0.28936
7 0.147 0338 Dol84 0,108 0,206 0.111 0.070 0.023 0.000 8.5 0.21381
8 0.097 0.211 0.118 0,080 0,130 0.153 0,055 0,000 0.000 10.0 018692
9 0.064 0o141 0.088 0,000 0.085 0.045 0.000 0.000 0.000 11.0 0.18439
10 0.056 Dol4l 0079 0.000 0,081 0.000 0.000 0.000 0.000 12.5 0.19311
11 0.03%4 0.089 0000 0000 0.054 0.000 0.000 0.000 0,000 13.5 0.20640
12 0.052 0160 0.000 0,000 0,000 0,000 0.000 C.000 0.000 15.0 0.27189
13 0+038 0.083 0.000 0.000 0.000 0.000 0.000 0.000 0.000 17.5 0.26820
14 0.045 0.033 0000 0.000 0.000 0.000 0,000 0.000 0.000 20.0 0.15258
15 0-046 0:028 05000 0,000 0,000 0.000 0,000 0.000 0.000 22.7 016548
16 0.057 0.030 0.000 0.000 0,000 0,000 0.000 0.000 0.000 25.0 0.16323
17 0.000 0.033 0,000 0,000 0,000 0.000 0.000 0.000 0.000 27.5 0.25567




Table ITI-17.
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PLOTFA (See Appendix I) for Indicated Bands (K) for theo
Thermal Decarboxylation of Malonic Acid in KBr at 158.1°.

3000 1700 1440 1310 1220 1175 900 760 650 Time
~0.504 0.000 -0:450 -0.320 -0.434 -0.316 -0.304 -0.019 -0.284 1.0
—01359 =0.398 ~0.358 0248 ~0.397 -0.233 -0.,061 0.091 -0.032 3.0
=0:247 ~05333 -0.229 -0.,070 -0.266 -0.068 0,048 0.295 0.056 4.0
~00282 ~0.446 —0.266 ~0.093 ~0.244 ~0.079 ~0.060 0.110 0.14%0 5.0
0,031 —-0.086 -0.012 0,088 -0.047 0,140 0.217 0.484 0.429 6-0

0.002 ~-0.111 0,055 0.177 D.055 00236 0,281 0-490 0.410 7.5

0-.251 0.215 0.238 0.382 0,247 0,433 0,654 0,764 0-000 8.5
0373 0:330 00397 0.525 0-459 0.341 0.753 0.000 0.000 1G.0
0.653 0,598 0,566 0.000 0.656 0.823 0.000 0.000 0-000 11.0
0s644 0.552 0-.612 0,000 0.700 0,000 0.000 0,000 0.000 12.5
0.895 0.824 0.000 0,000 0.851 0.000 0,000 0.000 0.000 13.5
0.832 0.647 0.000 0.000 0.000 0.0C0 0.000 0,000 0.000 15.0
0.972 0.923 0.000 0,000 0.000 0,000 0.000 0.000 0.000 17.5
0.663 1.093 04000 0.000 0.000 0.000 0.000 0.000 0,000 20.0
0.798 1.184 0,000 0,000 0,000 0,000 0,000 0.000 0.000 22.7
0.580 1.151 0.000 0-000 0.000 0.000 0C.000 0.000 0.000 25,0
0.000 1.279 0.000 0.000 0,000 0.000 0.000 0.000 0.000 27-5
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Table ITI-18. Absorbances Used to Determine k' for the Thermal Decarboxylation
of Malonic Acid in KBr at 158,1°.

Initial Absorbances for Indicated Bands (K)

Pel-
et Pellet
No. 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1 0.276 0.574 0.382 0.346 0.470 0.434 0.402 0.183 0.324 0.24242
2 0,277 0.544 0.360 0324 0.449 00404 0.373 0.175 0.300 0.20277
3 04252 0+494 00320 0.290 0,406 0.363 0.335 0.157 0.278 0.20672
4 0.250 0.497 0.334 0.311 0.413 0.379 0.355 0,170 0.280 0.19426
5 0+212 0+423 04289 0.271 0.357 0.333 0.314 0.152 0.253 0.21637
6 0.236 0.499 0.325 0283 0.407 00376 0.350 0.163 0.264 0.21581
7 02249 00526 0350 05315 00443 0,392 0.372 0.188 0.303 0.18623
8 02273 0.546 0.360 0.327 0.451 0.412 0.384 0.178 0.303 020837
9 04245 02325 0341 0.316 0,424 0.390 00367 0172 0.292 0.19977
10 00248 0492 0.329 00299 0.405 0375 0.353 0.158 0.279 0.19936
Absorbances After Indicated Heating Intervals
Pellet
3000 1700 1440 1210 1220 1175 900 760 650 Time Weight(g)
1 1,117 0.000 1.338 0.858 1.592 0.901 0.978 0.324 0.598 1.0 0.2400%
2 0.000 0,000 0,000 0,000 0,000 0,000 0,000 0.000 0,000 0.0 0.00000
3 02515 1.415 0.615 0.390 0804 0o446 0.446 0126 0.240 3.0 0.20533
L 04427 12053 00498 00328 00637 00376 0,355 0.103 0,198 4.0 0.15194
2 0.371 0.888 0,432 0,282 0,511 0,318 0.249 0o070 0.132 6.0 0.21453
0.179 0.436 00222 0ol64 0.243 0.172 0.119 0.000 0.043 8.5 0.21381
7 0.064 02145 0,082 0.000 0.000 0.000 0.000 €.000 0.000 11.0 0.18439
8 0,040 0-118 0,000 0.000 0.000 0.000 0.000 0.000 0.000 13.5 0.20640
9 0.031 0.062 0,000 0,000 0.000 0.000 0.000 0.000 0.000 16.0 0.19735
10 0.046 0.045 0,000 0,000 0.000 0.000 0.000 0.000 0.000 18,5 0.19&29
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Table ITT-19. PLOTFA (See Appendix I) for Indicated Bands (XK) for the
Thermal Decarboxylation of Malonic Acid in KBr at 158.1°,

3000 1700 1440 1310 1220 1175 900 760 650 Time

-0.611 0.000 -0.549 -0.399 ~0.534 -0.321 -0.390C ~-0.252 -0.270 1.0
0.000 0.000 0.000 0.000 C.000 0.000 0C.0C0 0.000 0.000 0«0
~0.313 -0.460 -0.287 -0.132 ~0.300 ~0.092 —-0.127 0.093 0,060 3.0
=0.237 -0.331 -0.179 -0.029 ~C.189 -0.001 -0, 005 0.214 0.146 40
-0.248 -0.326 -0.178 -0.021 -0.160 0.016 0.087 0.331 0.280 6.0
0.116 0.054 0.161 0.235 0,220 0.335 0,465 0,000 0.788 8.5
0.586 0.555 04623 0,000 0.000 0.000 0,000 ©C.000 0,000 11.0
0.834 0.663 0,000 0.000 0.000 0.000 G.000 0.000 0.000 13.5
0.891 0.716 0,000 ©0.000 0.000 0.000 0.000 0.000 0,000 16.0

0.721 1.031 0.000 0.000 0.000 0.000 0,000 0.000 0-000 18-5




Table III-20.
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Absorbances Used to Determine k' for the Thermal Decarboxylation
of Malonic Acid in KBr at 161.0°,

Initial Absorbances for Indicated Bands (K)

Pel-~
let : Pellet
No. 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1 0.246 0:485 0,315 0.296 0:388 0.358 0.345 0.264 0.247 0.19271
2 0,239 0.468 0.311 0.281 0.381 C.348 0.331 0.152 0.254 0.18469
3 0-342 05661 0.447 0.418 0553 0,524 0.481 0.214 0.386 0-27537
L 0.223 0.454 0.289 0.270 0.355 0.340 0.320 (0.153 0.275 0.18426
5 0:275 0.543 0.362 0.326 0:-454 0-415 (0.392 0,181 0.317 0.22685
6 0.306 0618 0.395 00362 0.488 0.463 0.422 0.189 0.335 0.23371
7 04193 0.344% 0.237 0,218 0,283 0.270 0.249 $.123 0.192 0-21651
8 0.264 0,538 0.365 0.343 0.450 0.426 0.408 $.202 0.319 022134
9 04301 0571 D-392 0.3%3 (-488 0.447 0433 (0.203 0.338 0.23575
10 02365 05712 02455 0.398 0.565 0.516 0.474 0.208 0.370 0.26525
Absorbances After Indicated Heating Intervals
Pellet

3000 1700 1440 1210 1220 1175 900 760 650 Time Weight(g)
1 0.561 1.26% 0.681 0s509 (0.868 0,544 0.534 (.153 0.29%6 1.0 019271
2 0:561 1.457 0.678 D447 Co840 0N.524 U.463 0,133 0.258 2.0 018392
3 0737 1737 0.888 0,574 1,100 0,654 0.615 0,185 0.356 3.0 0.27165
L 02350 0.916 0:478 0.28% 0,558 0,355 0,321 0.097 0.152 4.0 0-18132
5 0e32%4 0773 0.420 0.273 Cod74 00269 0236 (.092 0.122 5.0 022447
6 0251 0.621 0315 0.220 0369 0.218 0.175 0.046 0.092 6.0 0.23707
7 02122 0,239 0:146 0.103 0153 0,123 0.073 0.018 0,023 7.0 021489
8 0.151 0,331 0.179 0.124 0,200 0,166 0.086 (.000 0.032 8.0 0.2190%
9 0.122 0.263 0,156 0.000 0,163 0.000 0.07% (-000 0.000 9.0 0-23271
10 0:105 0.219 0122 0.000 0127 0,000 0.05%0 0.000 0,000 10.0 0.26525%
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PLOTFA (See Appendix I) for Indicated Bands (K) for the Thermal

3000 1700 1440 1310 1220 1175 900 760 650 _Time
—0+358 ~0:416 -0.334 -0.236 —0.349 —0.182 —0.190 0.239 -0.079 1.0
=0+373 —-0.495 -0.340 -0.203 -0.346 ~0,180 —-0.148 0e057 =-0.009 2.0
-0.339 —0.426 -0.304 —-0.143 -0.305 -0.102 -0.113 0.057 0.028 3.0
-0.203 ~0.312 -0.226 -0.030 -0.203 -0.025 -0.009 0.191 0.250 4.0
~0.076 —-0.158 ~0.069 0.073 -0.023 0.183 0.215 0.287 0.412 5.0

0092 0.004 0.104 0.222 0.127 0.333 0.389 0.619 0.566 6.0

0.1986 5.156 0.206 0,321 0.264 0.337 00533 0.828  0.922 70

0.239 0,207 0.304 0.436 0.347 0.404 0,673 0.000 0.988 8.0

0.386 02332 0.395 0.000 0.471 ©0.000 0.753 0.000 0.000 9.0

0.540 0.513 0.571 0.000 0.647 0,000 0.979 0.000 0.000 10.0
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Table ITI-22, Absorbances Used to Determine k' for the Thermal Decarboxylation

of Malonic Acid in KBr at 167.0°.

Initial Absorbances for Indicated Bands (X)

[

Pel-
let Pellet
No, 3000 1700 1440 1310 1300 1175 900 760 650 Weight(g)
1l 0.280 0.573 0.380 0-353 0.468 0.435 0.404 0.183 0.312 0.22054
2 0353 0684 0.453 0.420 0.577 0.530 0.497 0.226 0.388 0.26421
3 04330 0.624 0.425 0.398 0.531 0.494 0.472 0.221 0.371 0.26325
L 0359 0.677 0455 0.413 0.568 0.517 0.499 0.228 0.386 0.28017
5 0.266 02528 02349 0334 0.446 0-.421 0.393 ($.197 0.324 0.22065
6 0.247 0+497 04323 0.304 0-411 0.382 0.353 0.165 0.285 0.21451
7 0247 0470 0.314 0.289 0.395 0.368 0.350 0.165 0.282 0.,20848
8 0327 D.633 0.449 0.404 0.549 0.511 0.496 0.229 0.359 0.26354
9 0,259 0505 0.332 0305 0.411 0.386 0.362 C.168 0.278 0.20438
0 0258 0.524 0332 0.309 0.434 0.384 0.360 C.172 0.281 019270
Absorbances After Indicated Heating Intervals
Pellet

3000 1700 1440 1210 1220 1175 900 760 650 Time Weight(g)
1 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.0 0.00000
2 0s762 02000 D934 0592 1,146 0,677 0.641 $.200 0.376 2.0 0.,26712
3 0529 1.320 0.648 0.414 0.798 0,498 0.433 C.128 0.252 3.0 0.26100
4 0.348 0.896 0.438 0.293 0.516 0.303 0.252 0064 00136 4.0 0.27749
5 06147 0337 04173 0.000 0.195 0.000 0.087 0.000 0.029 5.0 0.21874
6 0.091 0176 0.108 0.000 0,113 0,000 0.000 C.000 ©0.CCO 6.0 0.21249
7 0056 0142 045000 0.000 0.000 0.000 0.000 G.,000 0.000 7«0 020555
8 D.047 0.123 0.000 0.000 0,000 0.000 0.000 0.000 0.000 8.0 0.26191
9 0,000 0.000 0,000 0.000 0.000 0.000 0.000 C.000 0.000 0.0 0.00000
0 0000 0000 0.000 0000 0-000 0.00C 0.000 €.000 0.000 0.0 0.00000

=
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PLOTFA (See Appendix I) for Indicated Bands (K) for the Thermsl

Decarboxylation of Malonic Acid in KBr at 167.0°

3000 1700 1440 1310 1220 1175 900 760 650 Time
0.000 0.000 0.000 0.000 0.000 0.000 C.,000 0.000 0.060 .0
04330 0.000 —0.310 —0.144 —0.294 -0.102 ~0.106 0.057 0,019 2.0
~0+209 —0+329 —0.187 ~0.021 -0.181 -0.007 0.034 0.232 0.164 3.0
0.010 -0.126 0.012 0.145 0.037 0.228 0.293 0,545 0.447 NG
04255 0.191 0.300 0.000 0.355 0.000 0.650 0.000 1.042 5.0
0.427 0.446 0,470 0.000 0.556 0.000 C.000 0.000 0.000 6.0
0.639 0.512 0.000 0.000 0.000 0.000 0.000 0.000 0.000 7.0
0.B840 0.710 0.000 0.000 0.000 0.CC0 0.000 0.000 0,000 8.0
0.000 0.000 0.000 0.000 0.000 0.000 C.000 0.000 0,000 0.0
0.000 0.000 0.000 0.000 0.000 0,000 0,000 0,000 0,000 3.0
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Table IITI-24. Absorbances Used to Determine k'ofor the Thermal Decarboxylation
of Malonic Acid in RbBr at 158.5°.

Initial Absorbances for Indicated Bands (K)

Pel-
let Pellet
No. 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g)
1 0.192 02354 0.247 0.213 0,302 0.282 0.261 0.133 0.242 0.16618
2 0.195 0.396 0.270 0.224 0330 0.299 0.267 0.136 0.235 0.17171
3 0.251 0.512 0.335 0.292 0-445 (0-402 0.360 (.186 0.319 0.23055
L 0.24)1 02481 0348 0,287 0.432 0,394 0.370 €.200 0.330 0.21538
502193 04394 0,257 06222 06335 0,305 0,266 0,132 0.244 0. 17407
6 0239 0.419 0.271 0.214 0.329 0.297 0.270 C.128 0.347 0-20991
7 0264 0.525 0.338 0.289 0448 0-395 0-349 0.183 0.314 D.21984
8 0242 0566 0356 0.317 0.469 0.428 0.387 $.204 0.347 0.250%1
9 0.250 0.520 0.355 0.305 0.449 0.397 0.365 0.192 0.327 G.25090
10 0.246 0.332 0.201 0,167 0.255 0,233 0206 $.113 0.295 023402
Absorbances After Indicated Heating Intervals
Pellet

3000 1700 1440 1210 1220 1175 900 760 650 Time Weight(g)
1 0:699 1.348 0.611 0.512 0.733 0.596 0.291 0.161 0.409 3.0 0.18989
2 0,504 0,795 0402 0,270 0496 C.411 0.246 (o112 0.341 5.0 0.1681%
3 0.639 1.172 0,619 0.380 0.724 0561 0.387 0.157 0,442 6.0 L.23920
4 0.399 0.619 0.300 0.000 00304 0.396 0,165 0.000 0.244% 0.20910
5 0+207 0321 0.196 0.000 0,179 0,289 0.138 0.000 0.194 0.16919

0.171 0.322 0.191 0,000 0.176 0-286 0.108 (0.000 0.170 1 D.21443
0-126 0.311 0.151 0-000 0.156 0.161 0.026 0.000 0.000 i 0.235584
0.000 0.165 0,063 0.000 0.084 0,094 0.000 (.000 0,000 13.0 0.24540
0.000 0.202 0.000 0,000 0,121 0.118 0.000 0.000 0-.000 15.0 0.22593

7.0
8.0
0.207 0.338 0,214 0.000 0-199 0.350 0.165 0,000 0.210 9.0 0.20215
0.0
1.0

-
O\ 00~ Ov
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PLOTFA (See Appendix I) for the Indicated Bands (K) for the
Thermal Decarboxylation of Malonic Acid in RbBr

at 158.5°,

3000 1700 1440 1310 1220 1175 900 760 650  Time
-0.578 —0.598 ~0.410 ~0.398 -0.402 -0.341 —0.063 —0.100 —0245 3.0
-0.422 -04312 ~0.182 —0.090 -0.186 -0.148 0.028 0.073 -0.171 5.0
-0.390 -0.344 —0,250 —0.098 ~0.195 —0.129 -0.015 0.090 —-0.126 6.0
-0.233 -0.123 0.051 0.000 0.139 —-0.014 0.339 0.000 0.119 7.0
-0.042 0.077 0.105 0.000 0.262 0,011 0.274 0.000 0.087 8.0

0.046 0.076 0.086 0.000 0.202 -0.088 0,198 0.000 0.203 9.0

0.178 0.202 0.237 0,000 0.396 00129 0.499 0.000 0.257 10.0

0+258 0+233 04345 0.000 0.451 0.397 1.151 0.000 0.000 11.0

0.000 0.488 0.740. 0.000 0,720 0.614 0,000 0.000 0.000 13.0

0.000 0.200 0.000 0.000 0,309 0,280 0,000 0.000 0.000 15.0
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where AJG is the absorbance of the reactant remaining at time t.
Substituting equation (7) into equation (4) and assﬁming constant
dengity gives,
k't = log 2%;3—
£ o
where k' = k/2.303,

The first order rate constants for a given reaction tempera-
ture can now be obtained by plotting log [;A6W§/A£Wé] (PLOTFA of
Appendix I) vs., t. The result should be a straight line of slope k'
from which k can be obtained.

Figures III-5 through III-13 show the rate constant plots for
the KBr malonic acid system at 158.,0° and for the RbBr-malonic acid
system at 158,5°, The 900 K absorption band in the RbBr-malonic
acid system gave such random points that no sensible line could be
drawn through them, Tables. ITI-8 through III-25 give the data from
the other experimental runs both in the raw data and as the factor,

log [:AOW£/A£Wé} (PLOTFA).

Determination of Thermodynamic Quantities

From the experimental rate constants and their corresponding
temperatures several thermodynamic parameters can be determined for

the thermal decarboxylation of malonic acid.




These thermodynamic quantities are determined on the basis of
the theory of absolute reaction rates. According to the theory of

absolute reaction rates

kit
Kk = —%— e AS#/R e-AH#/RT

where

Boltzmann's Constant

o

-
i

Planck's Constant

=3
]

Universal gas constant (cal/mole. deg)

A
418
L

entropy of activation

AH# enthalpy of activation

4]

T = absolute temperature

This equation shows that a plot of log k/T versus 1/T should yield a

straight line of slope vAﬁ# /2.303R and with an intercept at

. kg, AS# .
(1/T = 0) of log % T 7303 A plot of log k/T versus 1/T for

the five absorption bands of malonic acid used in this work is shown

in Figure III-14. The plot gives a value forAH:$ of 25.7 + 1 keal/mol

and a value of Aé# of -10.5 + cal/mole. deg. The data which gave rise

to this plot are given in Table 1I11-26 along with the values for k
obtained in RbBr.
The free energy change for the reaction @3@?

at a given temperature from the equation

A*Gf = AH$ - TAS

)} can be calculated

i08
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Figure ITI-14. Combined Enthalpy of Activation Plot for the Thermal Decarboxylation of Malonic
Acid in KBr at Temperatures from 138.9° to 167.0°.
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¥

Using a temperature of 13509 a value for ZLGIBSO of 30,0 + 1 kcal/mole

is obtalned.

Critique of the Multipellet Method

In the sarlier stages of this research two different methods
were developed for obtaining kinetic daﬁa for the thermal decarboxyla-
tion of malonic acidAin alkali halide media. One of these methods,
the»;ingle pellet meﬁhod, involved heating a single pellet, in which
the reactant was incorporated, for a known period of time. The pellet
was then repressed and its infrared spectrum obtained. This procedure
was then repeated as many times as necessary to drive the desired.
reaction to completion. The method, although used by other research-
ers33$37, has rather serious drawbacks. One drawback is its vulner-
ability to accidents. If a pellet is broken or otherwise becomeé
unusable in the course of an experiment, then it is necessary to re-
peat the entire experiment using another pellet. Another more serious
drawback is related to pellet heatup time. The pellet heatup time
introduces a lag into the measured time during a kinetic run. This
hecessitates some correction of the elapsed time before use in ob-
taining rate constants, When a pellet is heated for several time
intervals the errors in correction for the heating times acecumulate
causing an expansion or contraction of the time scale and a correspond-
ing error in determination of the rate constants. This error is
particularly detrimental in kinetic runs at temperatures which pro-

duce short half lines (5-16 minutes) since the accumulated error

tends to become an sizable quantity in the total heating time.
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Mainly as a means of circumventing the problem of heatup time,
another procedure was developed for obtaining the necessary kinetic
data, This method involves the use of several different pellets,

2ll from the same mixture of malonic acid and salt. It is called,
in this work, "the multipellet method."

The procedure used to obtain data by the multipellet method has
been described in the experimental section of Part IIT and the treat-
ment of the data obtained is described in a previous section. The
multipellet method yielded consistent results. The multipellet
method does, however, generate quite a large amount of data, making
the use of an electronic computer a real asset.

Tn the initial stages of a kinetic run the absorbance of the
pellets showed an increase. As can be seen in Figures III-5 through
ITI-13, in the initial stages of the decarboxylation of malonic acid,
the quantity Log [tho/woAJ or PLOTFA (See Appendix I) is
negative in sign. This can occur from two causes, (1) a loss in
pellet weight and/6r (2) an initial increase in absorbance. The loss
in pellet weight is a natural consequence of the repressing proce-
dure and is corrected for in the data handling sequence. Moreover,
if pellet weight alone were responsible for the negative sign, a
loss in pellet weight of 50% would be required to make PLOTFA nega-
tive by approximately 0.3. The normal weight loss upon repressing
is approximately 0.00lg or 0.5%.

An initial increase in absorbance sppears to be a more reason-

able explanation of the negative sign for PLOTFA. An explanation
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might be as follows: the WOrking temperature is above the melting
point of malonic acid (136°) so that the material might fuse and
begin to disperse throughout the pellet. A more uniform dispersion
should result in an increase in absorbance of malonic acid, in the
pellets.
Hartman35 solved the problem of changes in the initial absorbances
of his compounds by subjecting his pellets to an annealing period.
However, his working temperature Was.200~3000 which allowed annealing
at 100 ° without preliminary decomposition. In the present work,
the annealing procedure is impractical since temperatures as low as
80° were found to bring about thermal decomposition of malonic acid
and lower temperatures had no effect upon the initial absorbances of
the pellets. Fortunately, the inability to anneal the pellets did
not create major problems since the time required for the absorbances
to reach maximum values waé approximately 2 minutes at 1400, after
which a decrease in absorbance occurs due to decomposition of the
sample. It is interesting to note that the time required for the
absorptions to reach mexima is approximately equal to the pellet heatup
time. This would indicate that the anomalous absorption behavior is
indeed dependent upon either the fusion and dispersion of malonic acid
in the pellets, or the phase change of malonic acid. It is believed
from the present research, that the changes in initial absorbances
are the result of better dispersion of the sample in the pellets.

In the use of the quantity log [Aowﬁb/AtWo] , another advantage

of the multipellet method is apparent. Since the pellet weight and the
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sbsorbance appear as ratios in the logarithm factor some of the errors
due to dispersion of the sample in the matrix are reduced. For

instance if the original mixture were not quite homogeneous, the

error associated with the inhomogeneity would produce a small relative
error since the corrections for inhomogeneity would appear as additive
terms in both the divisor and the dividend. If this were the case, a
slight tailing of the resultant plots would be expected and is indeed

found, in some cases.

Reaction Mechanisms for the Thermal Decarboxylation of Organic Acids

Frankel, et a131 have proposed a mechanism for thermal decarboxy-
lation of acids which has been generally accepted. Frankel's mechanism
involves the formation of an activated complex between an electro-
philic carbonyl carbon atom and a nucleophilic center on the solvent.
This mechanism is supported by the fact that H decreases with in-
creasing solvent basicity. Frankel, et a131 also noted a linear
dependence of the rate of decarboxylation upon the concentration of
a strong amine base, pyridine. They also discovered that the reaction
rate dependence disappeared at a 1l:1 mole ratio of amine base to
malonic acid, indicating that the reaction is bimelecular. On the
basis of the above information, Frankel proposed two possible mechanisms
for the thermal decarboxylation of melonic acid, showing no preference
between the two mechanisms. These wmechanisms are depicted in Figure

III-15 with pyridine as the complexing species.
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30 observed that unsymmetrically disubstituted

Kenyon and Ross
malonic acid does not produce optically active acetic acid upon de-
carboxylation. This would support mechanism -A, Figure III~15, since
production of a racemic mixture of d- and l-unsymmetrically disubsti-
tuted acetic acid would require formation of a carbon-carbon double
bond at some point in the reaction mechanism,

Blades and Wallbridgelu observed that malonic acid exhibits
no kinetic isotope effect upon deuteration. This absence of an iso-
tope effect suggests that the rate determining step in the decarboxyla-
tion is the breaking of a carbon-carbon bond rather than the forma-
tion or dissociation of a hydrogen bond.,

Clark23°25p as a result of his studles of the thermal decarboxy-
lation of malonic acid in numerous solvents, has proposed that malonic
acid decomposes by the same mechanism as do OC-unsaturated acids
in general (basically mechanism A in Figure III-15). This proposi-
tion is supported by Clark23 in reference to isokinetic temperature
plots. When AHj: is plotted versus AS$ for a given series of
reactions in various solvents, the result is a straight line of slope
T, the isokinetic temperature. Petersen and co=authors§8 have point-
ed out the 1imitaticns in the use of this formulation in drawing
velid conclusions. Petersen et sl established requirements which must
be satisfied by the data used hefore the conclusion drawn from use of
the data can have valid meanings. The data obtained by Clark26 appear

to satisfy these regquirements. Clark has observed that, for all of the
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solvents studied thus far as media for the decarboxylation of malonic
acid, the AH# and ASt values when plotted form a straight line
with a slope of 422° K (149° C). The Ax¥ and As¥ values for the
decarboxylation of molten malonic acid also fall on the same straight
line as those from various solveats.

¥ and AG.# o, values obtained

1357°C

by Clark for the decarboxylation of malonic acid in various selected

Table III-27 shows the Ar¥ , As

solvents, as well as the values for molten malonic acidzz, ahd the
values obtained in this work for malonic acid in KBr. It can be seen
that the values obtained in KBr are comparable to those obtained in
other solvents, indicating that the same mechanism prevails in each
case. It can alsoc be seen that the Zxﬁir'value for decarboxylation
of malonic acid in KBr is significantly lower than that obtained for
molten malonic acid. This could be the result of an activation
effect due to the alkali halide medium.

Comparison of the reaction rates in KBr with those obtained in
RbBr reveals no significant differences in reaction rates throughout
the series. This is the expected effect if the above mechanism
were the true reaction mechanism, since the nucleophilic halide
anion would be responsible for the activation effect. Investigations
of the effect of the anion upon the reaction rate would be most mean-
ingful but are impractical in this case due to the interfering double
decomposition reaction.

An interesting observation iz the fact found in the research

that solid malonic acid also undergoes thermal decarboxylation. This



Table III-27., Activation Parameters for the Thermal Decarboxylation
of Malonic Acid in Several Media.

AH$Kcal/mole AS:?eU./mole AGiSO(kcal/mole)

1-Butano1? 27.2 bl 29.0
luHexanolzz 26,0 -7.6 29.1
2-Ethylhexanol-1%% 24,8 10,4 29.05
Diisobutylearbitol?®  24.8 10,7 29.16
Cyclohexanol?? 23.0 ~15,0 29.13
Acetanilide?? 19.85 22,66 29,1
Molten Malonic Acid®®  35.8 +11.9 31.0

Malonic Acid in KBr 25.7 ~-10.5 30.0




reaction, although slow, proceeds at a measurasble rate att 80°%; a
temperature well below the melting point of malonic acid (136°).

An 80° kinetic run was made in an attempt to establish whether the

solid state decomposition occurred from the ﬂﬁor ((-phase of malonic
acid. The malonic acid decomposed slowly at 80° which is 25° below

the reported phase transition temperature. Therefore, it appears

that malonic acid can also decompose from the [?;hase, No lower
temperature runs were attempted since the reaction half-life of approxi-
mately 6 weeks at 80° was well beyond the attention span of the

researcher involved.
Conclusion

In conclusion, it should be pointed out that the multipellet
method; as outlined in this work, enables the collection of data on
the decarboxylation of malonic acid‘at tempsratures higher than were
previously possible. The nature of the method allows the study of
reactions with half-lives as low as 4 minutes without significant
problems. This allowed the use of reaction temperatures which were
150 higher than those previously reported. Further refinement of
the method should allow the study of reactions with even lower half
lives.

This work has further shown the feasibility of determining
reaction rate parameters in solid salt media. The results obtalned,

in this case, agree well with those obtained in other medie and also



with those obtained in the molten state. However, as pointed out in
Part II, of this dissertation, there are obstacles to overcome prior

to use of the pressed pellet method.
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APPENDIX

The program listed below was written by the author; especially
to handle the data cbtained from the "multipellet" method (See
General Introduction and Experimental and Part III of this disserta-
tion). It was modified by Charles S. Shoemaker to produce output on
the Calcamp Plotter. The program was written in Fortran IV and is for
use on an IBM 7040 Computer.

The program as written is for use with first order reactions but
cah be modified for reactions of other order. For example, this could

be accomplished by changing statement number 1240 to read,

PLOTFA(N, K)=( (STDABS (N, K) /BASEWT (N) )~ (TIMEAB(N, K) /TIMEWT (M) )) /

((STbABs(N,K)*TIMEAB(N,K)*,2oooo)/(BASEWT(N)*TIMEWT(N)))

If this is done the punched card output should be discarded.

The Calcamp plotter output is a plot of PLOTFA versus time
for the absorption bands followed during the course of the experiment.
A different character is used on the plot for sach of the bands
followed during the course of the experiment.

A legend sppears on the plot identifying which character
represents which absorption band. These character identifications
are built into the program but may be changed by referring to ISN 366
through 414,

The program also produces a punched card output in the format

accepted by the LSKINL* program,

*C, E., Detar and D. F. Detar, "Least Squares Treatment of First
Order Rate Data," Program 80, Quantum Chemistry Program Exchange,
Indiana University (1967).



12k

The order of the cards in the data deck is shown below along

with reproduction of the data cards described.

Card Group 1:

This card is a control card which establishes the limits
of several do-loops in the program. It should have 5
numbers on it. A reproduction of the card is shown be-

low as Card number 1. The necessary numbers are:

(1)T RUN - This is a data identification number chosen by

(2)

(3)

(&)

the researcher. It should contain a maximum of five
digits punched in an 15 format in card columns 1-5,
right justified.

NUMHEL- This is the number of pellets heated in the
kinetic run. The maximum allowable number is
estgblished in the DIMENSION statements. NUMHEL
should occupy card columns 6-10 in an I5 format.
NUMDI1- This is the number of pellsts originally pre-
pared and used to establish base asbsorbances. If a
series of specltra were not used to establish a base
absorbance, particular care should be taken in choosing
which of the statements numbered 1240 is to be used.
NUMDI1 should_bé a number, whose maxima is established
in the DIMENSION statement, punched in card columns
11-15 in an I5 format.

NUMBAL -~ This is the number of absorption bands which
are to be used in the calculations. The maximum of

NUMBAL is established in the DIMENSION statement.
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NUMBAL should occupy card columns 16-20 in an I5
Format .

(5) TEM1 - This is the temperature of the kinetic run whose
data are being analyzed. TEML should be punched in
card columns 21-26 in an F6.1 format.

Card Group 23 These cards begin the raw data to be processed. They
have the baseline absorbance, or transmittances, from the
initial spectra in the format showa below as Card Number 2.
They should also contain the initial pellet weights in card
columns 46-52 in an F7.5 format. The total number of cards
in this group should equal NUMDI1.

Card Group 3: These cards should contain the peak absorbances or trans-
mittance readings of the absorption bands of the initial
pellets. The total number of cards in this group should
equal NUMDIl. The format of these cards is given below as
the reproduction labelled Card Number 3.

Card Group 4: These cards should contain the baseline absorbances or
transmittances from the spectra of the heated pellets.

They should also contain the heating times punched in card

columns 46-51 in an F6.1 format, and, in addition, the

weights of the heated pellets in card columns 52-58 in an

F7.5 format. The total number of cards in this group should

equal NUMHEl. The format of this group of data cards is

illustrated below as Card Number 4.

Card Group 55 These cards should contain the absorbance or transmittance

readings of the absorption bands in the spectra of the heated
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pellets. The total number of cards in this group should
equal NUMHEL. The format of this card group is shown below
as Card Number 3.
If data from more than one kinetlc run &re to be analyzed
NUMDAT (see the fourth comment in the program listing) should be changed
and the successive data sets queued, repeating all the data card formats

of card groups 1 through 5.



102 11 14 9 1463 | O

a Thre . ,

¢ The & »

s fhu Z0000C0OUCOOUCO00000V0O0V00000C000000000000000000000800.U0,
122886 78910N RBUBSBTBBRIANNBNBRTBININLDAUNBBIRALEQDUBSGU BB VIR BRI,
A By @8 VCBrrrvrtvaBarr A N1 9 DILITELYLITIII10) A L rtit 9

dB2722 K 72272 8 2222722 B 222222 K 22222 8 2222272 B 227¢1:

4 C 3533335 L 33333 7 23333F33 € 333333 L 33333 T 3333333 € 433333
44 D a+4464 MB2449 U 14404 D 444444 M 44444 U 44444498 D 44444
3EEE 53855 N A55SS V 5555555 € 585555 N 55555 v 5555545 E 5555
Sbib F orashbs 0 A6066 w B666666. F 66G656 O 66666 W v666G6c F B 6
FEPPEOG cPJIYEOP BMTEY X PIIEIITOG IPVIIIOP jT¥Ei X 4701101 G 13,

BAE538 H SRB8%% Q 58888 Y B8838338 H 838888 Q 85885 Y 8R385888 H «

G439%50 | 999999 R JO999 Z U9G9999 | 999999 R 94399 Z §99G94Y |
LAV B B B '9lOHl’l”l!‘)lﬁll"!??ﬁ?l"]?l’4/5‘6”"1‘?9.”]'171?301535 BHEINPBAHBHHBNVDDE5M5%IRRM06H DGR
oA an N ey .

e e ——— .- e

Card Number 1l: Format for Card Group 1 Above.

510 532 546 551 558 560 570 S¢9 582 23725

s Thre !

v Thru R

s ThBu z 09 gooogeoouono0o00uofooocBonc00000000000G00000R0000DYD
v ‘l56-'89NHIIIJllISIGHldISNN72232‘252‘172329&3132133!!5!37I”w‘l&ﬂu“l@ﬂuaiﬂﬂSZSSHSSSGSIQSSGOGI&’GJN
a B trrrrtvtBrrry A Vbt d PYRETELTRLEILOL A tvltit d
B 2222228k 22272 S 22227222 B 222722 K 22227288 B.28222 8 22222:

$C 5233Bs L 33333 Y 3333333 € 333333 L 33333 7 B333333 € 433433
34 D a44448 ME14444 U 2444444 D 444443 W §443¢8 U 4442443 D 24444
558 € sBossoAN ssBES vEBsssBss eBssssBs N Bosyy v 5B55555 E w534
3660 F »h0666 [ 66066 W 666666 F 666666 O 6666h W 0666060 F G
IREEEEN TN R *;v?: x 11151 B il P oriia X P707171 6 Vi
538588 H s8888x @ $838% B £8388838 H 8538538 B 85888 Y 5885888 H ¢

48949 {

'G99699 1 999999 R 99939 7 999993 1 99f999e R 99399 2 89
‘I]lSE.l’9|0"|7|\“lSlGHISI?N?'”?"!IS%”’!H&J’Vn.u%ﬁ ANUNLBIGGBHBAB BB RBEHE 636
A R A Gy _

Card Number 2: Format for Card Group 2 Above.
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201 073 180 218 188 164 200 3%0 205
& Thre

J Theu R

Bheu B 000uoBovoooonooooovooovoBBooooBoooBuoooocoooonoonoocoen

TiPese g0 UN lilsnl!19201172242115262723293031J)JJJISS!RJI38&9601AZI.HIn“dlutﬁd!l5253“555651585!606!61&!“
Vigrir 9 (BetrttBoviBror B ooviror g o rvalirryiybibby oA 11t d

P~

BEzz72222 k 222728 2228722 8 22877 x 222872 s 2222222 8 227222
$C 533338 L 233333 T 3333333 € 333333@u 33330 T 3333333 € 333333

a4 D 242443 M 44444 U 444244280 245844 M 44443 U 4442448 D 14444

5585 E 85555

55 N 95555 V 5555555 E 555555 N 55555 V 5555555 E 5558
o Abast w 6666063 F 6hv65b O 66666 W G66BEEE F Abb

P FiF1YOX FIIIGMEOG O MPPRYOP G iGioX OiIFIVMIDT G O
528522 H 35880+ @ sPsss B 2538858 H 558853 Q 85885 Y BRRSREE H «

95599949 | 939399 R 99999 Z waygaq99 4 9fo99cs R 99999 Z 98099349
USSP PR RIBEAARNARRANABYVBHRE -~ SR HAODNHETBOVN PN FHI AN GO @O

CoArT ROEAGT S

Card Number 3: Format for Card Groups 3 and 5
Above,

500 509 314 Q0o 5137 517 521 000 G526 S0 esede
A Thru ! ’

J Thhu R

S u 1{)!3'Gf}{%u0(]'.0(!00()000000000005'.'@00&:UQUOL\ulﬁﬁuumﬂ)ﬁﬂowﬁ
TE 3456783 0HRDUBBTBRINANBABRT DN RVHBRTBIDGQOUISLTBE05235%5%75896DE6 6263864
A 1ityiy g LiBirivirviagyy ARVIT LR o PP idprEalibrrn A liptind

B 772222 K 222722 § 22227222 B 222@72 K 222 8 2272278 B I?if:‘??
3 0C ¥33333 L 33333 T 3333333 C 333333 L 33333 T 333335f € 333333
14 D 424444 M Bad44 U 4442444 D §44444 M 4243420 U 3424444 D 48434
55 E sPsssoPN 55555 VRS s55gss ERss5s5s N P vEbss55as € ahss
Shbh F obRe6LE O ROEG6E W J666666 F 666866 O GRo66 w cG6offc F 66w
PRETE G 4iFEREOP PEiVEOX PIVIRIT G JVIII)OP TP X IVIVININ G 1
532583 H SR3868% Q 88888 Y 2888888 H 858888 @ 85888 Y B385888 W

R 99999 Z 9999999 | 994999 R 94999 Z 9099949
IBBBA RN ARKNBANHPNAFEYB BN CALL BTNV RBAEHKTBRGH PR
Y

t

Card Number 4: Format for Card Group 4 Above.
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100
101
103
110
111
120
121
141
142
143
144
150
151
is2

153

SRk gk ok kR Rk Rk R R R R R Rk kR R R Rk e bk ek ek ok F kR Ry S ek
THIS PROGRAM TAKES THE MEASURED ADSORBANCE GF TRANSMIT
VALUES AND CALCULATES 1} THE VARIANCES FOR ’Z::A.L,i-'i HAND
AND 2} THE FACTORS TO BE PLOTTED AGAINSYT THE HEATINMG {
PROGRAM ALSDO PRUODUCES A PLOTTER DUYTPUT TAPE wHidCH 19 THEN FED a0
THE CaiCOMP PLOTTER 70 OPTAIN THE PLOT OF TIME V5. PLOTTINMG Fal-
TR THE PROGRAM ALS0 PRODUCES A PUNCHED (,_AR%_} OUYPUT  IN THE FOR-
MAT REQUIRED BY THE LSKINI PRUOGRAM. THE ABSURBARNCES WHIOCH AR
PUNCHED [(UT ARE CORRECTED TO A STANDARD DISK WEIGHT 0F .20 GRAMS,

FF Rk ok gk ok gk k Rk ko Rk Rk kR ok ek ok ok Rk ok ok dok ok bR ke ok F ek ok

ol 4 B g

***?***ié‘%ﬂ*&?*%-ﬂi?%‘* **5’*37-@>§«}?**#***r*******#*3{3‘5**\‘(*?4‘**%«?*5’% ook ok koo

THE FIRST VALUE OF IZTDEAS WH}:CH Is READ iMTG STORAGE IS A TESY
VALUE WHICH DETERMINES WHETHER THE PROGRAM HANDLES THE INPUT VAL~
UES AS ABSORBANCES OR AS TRANSMITTANCES., THE VALUE OF STDEAS{1s1:
SHOULD NEVER BE SET EQUAL TO ZERO- L :

® OB B W K A

fokookd Rk ook lord Rk Bk dk kR Rk kR Eokok f}f#** #******ﬁc#%*iﬂké‘**%«f e ok oo o ok
Tk Fdk ok dorR R Ropd ok f xRk kdorRok koo ko Rk ok kR koo kR Rk fook e kok ok Kok

I7T IS5 NECESSARY TO HAVE THE INDEXING NUMBERS OF THE ORIGINAL

DISKS MATCHED WITH THOSE F THE HEATED DISKS. THIS SHOULD BE

DONE BY PUTTING THE APPRUOPIATE NUMBER DF ZERQO CARDS INTO THE #
CATA DECK AT THE POSITION CORRESPONDING TO THE UNMATOHED CARD.

¥ B oa # B @

***-‘iﬁ’}ﬂiﬁ Sk kg RRGpOER $$*$*$$$$*>¥* ok gk deoook ook B ook oR Rl kool R e ok o dof B kool koo

DIMENSION BUF{2000) _

DIMENSION Y1{20)oY2{20)5Y3{20)sY¥4{20):Y5{20)sYB{20)s¥7(20}sYB(20),s
IYO{20)oX12055YE(40D)

DIMENSION STDBASI{S0525) o PEAKHT{S0:25) ¢BASTIM{B0,25} ; TIMEHT(E025) 5
ITIME(SO) 2 TIMERTIS0) s SUMABSIS501 s STDABS{B0 25 - ABSSTDIE ) AVEARS{S0 )
25 STDODEVISO) o TIMEAB{S0 525 ) sPLOTFA{S0+25) s VARIANISD} s BASEWTI{ B0 o TEM L
diio)ngMBiiiio}gNUMHtlilO}vNUMAﬁlilﬂ)gNUMBAI{ID}giﬁum(id}

FORMAT{OFS5:.3sF75)

FORMAT{OF 63 96XsFBo5)

FORMATIIS:I501I5415:F6s1)

FORMAT{SF 5,3}

FORMAT{OF 703}

FORMAT{OFS5030F6019F705)

CFORMAT{SF7:3sF6015F805)

FORMAT{5Xs13s10X>F805)

FORNATIIHL///7 /733X 23HTHESE ARE THE VARIANCES/)

FORMATL 7% s 1HN s 7X s BHVARI ANCEL S} :

FORMATI33X:24HFOR KINETIC RUN NUMBER 5 I15,3H-A-//)

FORMATIOE10.5:F 601}

FORMATL{EX+1303Xs9(F703+4X) sF601) . N
FORMATIIHIZ//Z/Z 14X, 55HTHESE ARE THE PLOTTING FACTORS FOR KINETIC BUN
1 NUMBER I503H-A—//)

FORMATI TR bHN O X s 4HBO00 o BXoAHLITO0 o 5K s @H 1840 o BX s 4HIBI 0 SR 4R 1500 0 8%
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(500
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14H1175 56X ,3HB0V0»BX:3HVB0 66X, 3HE5D 5K 4HTIME/ /)
154 FORMATI{ 27X 1 OHTHE TEMPERATURE IS5 sF6.1/7}
5 FORMAT(1#H13: 130
180 FORMAT(ICOXsFB.5)

dkgd gkt kg ik kg rk kR kkk kxR iociokok ok dRdor Rk ke ko ook fkkok g kok ok Fokk ok

* S
*  NUBEDAT IS A PART OF THE PROGRAM wWHICH ALLOWS THE HANDLING OF SUC *
# CESSIVE SETS OF DATA WHICH WERE OBYAINED IN DIFFERENT RUNS, 1T Is %
F SIMPLY THE NUMBER OF SETS OF DATA wHICH ARE TO BE ANALYZEDs *
¥* *
Fgdddd kR d gk kdk kR ki dhdgokiokd Rk kkkddk bR kg Rk R Rk x ko k ko Rk kR kg kg
NUMCAT= 1

DO 3001 MMM=1 NUMDAT

URITELE-5)

ke dokdkok dok kg ok ke Rdokodk ddok ok kg k F ek bk kR kdorkhkfok o gk gk ok okk gk k¥

3 %
¥ NUMHET IS THE NUMBER OF DISKS HEATED IN THE KINETIC RUN. *
* X

dddokkkkgdhd kb bk kkhd gk Fakk g f kb sk kfok bk ok R e Rk kR kR FporRh kkk gk

oo o ek ek ok o ok R ok sk ok ok R ok ok skokokok Ao ook ko kR Rkkokook ok ok kR R ook ke feokog ok k
¥ . NUMBAN IS THE NUMBER OF BANDS WHOSE ABSORBANCES WERE FOLLOWED kS
* *
e e oo o o ok ek ok oo kg oo ok ok ok sesode s s dkosloR o ok e ek ok ke ok ok ok sk ok okl ok skl ok ok ook ek ok ok

Fedokokd S dok oy ok k ok Rk kR ko dokdk ookl ke F ok ok ok ok ok ook Rk fokoR Rk ok kR kR Rk
* ¥
%  NUNMDIS IS THE ORIGINAL NUMBER OF DISKS *
. *

ook dddokd kg R R kg ok gk Rdokgdkakokok ok Rk R ol ko ok ook ok Rk kR R ook ok okf ok

-7 READ{(E5103) IRUN(MINUMHELI(NM) oNUMDILI{M) cNUMBALIM)sTEMLILIN)
NUMBAN=NUMBAL {M}
NUMANL=RMUMANLII{M)
NUMDIS=NUNMDII{M)
NUMHE T=NUMHEL {M)}
- TEMP=TEM14{M)
S DO 10 N=1,NUMDIS
10 READ{5:100}) STDBAS{N-1):STDBASINs2}sSTDBASIN.3I-STOBAS{N-4}STDBAS
1{Ns5) sSTDOBASI{N-B) s STDBASINI7 )} +sSTDBAS{MNsB) sSTOBASINsG I} BASEWTIN)
19 DO 20 N=1sNUMDIS
20 READ{S5s5110) PEAKHT{N- 1} PEAKHTI{N.2) s PEAKHTINy 3) s PEARKHTIN 4 ) o PEAKHT
1{NsS) sPEAKHTI{N-G) sPEARHT {Ns7 3 s PEAKHTIN 8} o PEAKHT{Ns 9}
29 DO 30 N=1sNUMHET
30 READ{(5:120) BASTIM{No1) BASTIMI{N2) BASTIMINS,3I-BASTIMI{N-4}-sBASTIM
1{N;S) -BASTIMING) oBASTIMINGT) oBASTIMINoB) oBASTIM{N. DI, TIME{N}»TIME
Z2ETIN}
39 DO 40 N=1 ,NUMHET
40 READISs110) TIMEHTIN 1) o TIMEHTINSZIsTIMERNTI{NG3Y s TIMEHTINS 4} T IMEHT
ITdNSSY s TIMEHTINGD) o TIMENTINOT ) o TIMEHT{N: B » TIMEHT{N,.9}




41 CONTINUE

50 IF(STOBASI1s1).GT<PEAKHT{1,1)) GO TO 60

51 IF(STDBAS{1:1).LT.PEAKHT(151)) GO TO 80

DO €5 K=1:NUMBAN ‘ 131
DO €S N=1,NUMDIS

IF (STDEAS{N-K)}-PEAKHT (N>K)) 62,62+64

B O tho£hoan
P AR VN I ST
o
[»]

£5 €2 STDABSI{NsKIi=0.0
1e3 3 GG TG &%
&7 64 STUBASIN-KITALGGIO{1.00/75TDBAS{NsK) )
70 PEAKHTINSRKI=ALOG10{1-00/PEAKHT{NsK))
71 65 STODABS{NsK)=PEAKHT{NsK)—-STDBAS(NsK)
- 74 69 CONTINUE
7L 70 DO 75 K=1 ,NUMBAN
TE DG 75 N=1:NUMHET
i IF{EASTIM(NSKI-TIMEHTI{NK)}} T1+71-,72
1GC -1 . TIMEAB{NsK)=0.0
101 GUO. 16 75
162 - 72 BASTIM{NSK)=ALUOGI0{1.00/BASTIM{NsK)})
103 TIMERTINSK)=ALOG1I0{1.00/TIMEHT{NSK)}
1c4 74 TIMEAB(NSKI=TIMEHT(NsK)—EASTIMINsK)
1ce - 75 CONTINUE
11¢ GO 1O z¢¢C
111 80 DO £5 K=1sNUMBAN
112 DG £S5 N=1.NUMDIS
1313 IFIPEAKHT(N-K)=-STDBAS{NsK}) 82:82:84
11% B2 STDABTINsK}I=0.0 i
ii1s GG TO 8%
1186 B84 STUABS(NeKI=PEAKHT{N:K)—-STDBASI{N»K}
117 85 CONTINUE
1izz DG €6 K=1s:NUMBAN
122 DO S6 N=1 .NUMHET
124 IF{TINEHTINSK)—BASTIMI{NK)) 92:,92:94
128 G2 TIMNEABI{NsK}I=0.0
i2e GO.T0O g6
127 G4 TIMEABA{NKI=TIMEHT (N K)-BASTIM(NsK)
13¢ 96 CONTINUE

C

C

Lo WE NCW- BEGIN THE PROCESS OF CALCULATING THE VARIANCES OF THE MEASURED
Co—m—wBANDS IN THE ORIGINAL UNHEATED DISKSoUSING THE FORMULA VARIANCE =
Commmm— { SUMMATION{{ X-X{AVERAGE} Y {SQUARED ) 3} /IN-13}
C
C ‘
123 1S5 FORMATLIHA////7710X33HTHESE ARE THE AVERAGE ABSORBANCES/10X2BHFOR
1 DISKS OF ».20000G WEIGHTS//)
124 200 WRITE{&-155)
138 201 DU 1200 K=1 sNUMBAN
136 SUMABS{K)=0.00
137 280 B0 10060 h=1,NUMDIS
ia4¢ IFISTDABS{NsK)EQ.0.0) GG TO 1000
143 260 ABSSTCINI=STDABS{NK}E0.20/BASEWT{N]
C
.
C==—————PE HAVE NOW CALCULATD THE ABSORBANCE WHICH THIS DISK WOULD HAVE
L= HAD IF THE DISK HAD WEIGHED 0.,20000 GRAMS.
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16z
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164
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171

C
SUMAB S{K)=SUMABS{KI+ABSSTOUR)
1600 CONTINUE 132
HNUKDI=MUMDIS
1010 AVEASS(K}=SUMABSIK) /HNUNMDI
WRITE(6,1603 AVEABSLIKY
1020 STODEV{K)}=0.00
1030 DO 1100 M=1sNUNMDIS
1040 STLLUEVI(K)=STDDEVI(K)}+{ (ABS(ABSSTOIN} I )~( ABS{AVEABS{RK Y)Y JIasp
1100 CONTINUE
1110 VARIANCK)}=3TDBEV{K)/{HNUMDI-1.00)
1200 CONTINUE
C
c
L —%E NOW CALCULATE THE PLOTTING FACTORS FOR THE FIRST ORDER REACTION
C
c
1210 DO 1400 K=1 4 NUMBAN
7000 FORMAT(IZ)
WRITE{7.,7000) K
1211 DO 1300 N=1NUMHET
1221 IF(TIMEAB (NsK)=0e0) 12221222,1240
1222 PLOTFA{NsK)=0.0
1223 GO TO 1280
C
C ok h ook ook ok ok g ook ook ok ok ok e deokok o ool ek ol ek ok sk kR b ok ook ko sl solonk ik de el
C E 3 B
C % IF THE ABSORBANCES OF THE ORIGINAL DISKS{STOABS{N.K)) ARE 3
C #. AVAILABLE, USE THE CARD WITH A ONE IN COLUMN 78. IF THEY ARE @
C ¥ NOT AVAILABLEs USE THE CARDO WITH A TWO IN COLUMN 78e &
C * i
C S R E B ok R R Rk ROR sk kSRRl R e R R ORIOR R R K R R R R R R R R R
C
124C PLOTFA(NSKI=ALCGIO(STUAESINGKIRTIMERTINI/ (TIMEAB( N K IXBASBEWTINY )} }
C1240 PLOTFA=ALOGI0{{AVEABS{KI A TIMEWT{NsK) }/{TIMEAB{NsKI*{D20000) 3}
<
C kg ook kR kakk ok ok kg ok Fkakfdokkok ook sk Rk kR ok kf g kdiokdk ok ok m ok gl
C *
C % THIS SECTION CALCULATES THE CORRECTED ABSURBARCES  AND BPRODUCES
C % A PUNCHED CARD OUTPUT IN THE FORM REQUIRED BY THE LSKINI PROG
( *
L Sk dk TRy e Rk p Rk ok kfdkkk okt ok ok ke Bk R kR R R e R ok ok
C
1250 XYZ=TINEABINsK)%{ 020/ TIMEWT{N})
7001 FURMATLE1005+10XsE1D005)
WRITE(7:70013} TIME(N). XYZ
1300 CONTINUE
1400 CONTINUE
156 FORMATLIHIA// /710X :22HTHESE ARE THE RAW DATA//)
WRITE{E,155)
14SS DO 15C1 N=1oNUMDIS
1500 WRITE{(G,1013 STDBASI{No1}«STOBASING2) o STDHASIN 33 STOBASIN 4 ) STOHRA

1501

1S{NsSIsETOBAS{NIG I+ STODASINST I o STOBASINBISTOBASINL G BAS

TN
CONTINUE

P
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156% DO 16C1 N=1,NUMDIS 133
1600 WRITE(Go111) PEAKHT(N»1) ¢PEAKHTIN2) s PEAKHT{Ns 3} s PEAKHTIN 2} sPEAKH
ITI{NsS) »PEAKHT{Ns6) +PEAKHTI{Ns7 )} s PEAKHT{NsB8) s PEAKHTIN+ 9}
1601 CONTINUE
1686 DG 1701 N=1oNUMHET
1700 WRITE{69121) BASTIMINL1) vBASTIMING2) cBASTIMINS3)oBAST IM{Ns4) sBASTI
IM{N,5) oBASTIMINSG) sBASTIMINGT ) » BASTIMIN.BI s BASTIMINGS I« TIME(N) , TIM
2EHTIN)
1701 CONTINUE
1798 DG 1801 N=1sNUMHET
1800 WRITE(S62111) TIMEHTIN:1) sTIMEHT(Ns2)s TIMEHT(Ns3)» TIMEHT(Ns4) s TIMEH
1TIN+sS5) s TIMEHT{Ns6) s TIMEHT{Ns7) s TIMEHT{N+8) s TIMEHTI(N S}
1801 CONTINUE
180 FORMAT(IH1/////15X.25HTHESE ARE THE ABSSORBANCES//)
WRITE{6,180}
3050 DO 3Z0£C N=1,NUMDIS
WRITE(6+101) STDABS{Ns1)sSTOABS{Ns2)sSTDABS{N.3)sSTDABS{Ns4 )¢ STDAB
1S{N+s5) s STDABS{Ns6) o STDABS(Ns7 ) sSTOABS(Ns8)sSTDABSIN: S ) s BASEWT (M)
3060 CGNTINUE
160 FORMATI////)
WRITE(65190)
3070 DO ZCEC N=1sNUMHET
WRITE({6s121) TIMEAB(N1)sTIMEAB{N2)sTIMEAB(Ns3) s TIMEAB{Ns4) s TIMEA
1BIN»sS)sTIMEAB(No6) s TIMEAB(N»T) s TIMEAB{Ns8)sTIMEABIN-S) s TIME(N)s TIM
ZEWT(N)
3080 CONTINUE
1897 WRITE(6142)
WRITE(€9144) IRUN(M)
1868 WRITEL6+143)
189S DO 1901 N=1,NUMBAN
1900 WRITE{6s141) NsVARIANIN)
19061 CONTINUE
1987 WRITE{6+152) IRUN{M)
1699 WRITE{L6,154) TEMP
1998 WRITE(6:153)
DO 2000 N=1 o NUMHET
2000 WRITE(6s151) NoPLOTFAINS1IoPLOTFAINS2) s PLOTFALN3)sPLOTFA{Ns4)sPLO
1TFAINS) osPLOTFAINS) s PLOTFA(N7) o PLOTFA(NB) s PLOTFA{N9) s TIME{N)

Rk kb d kdkdkkRd kR gk dokg kg ok dokkkk ok R kokodok Fdok g okdkok ok koo dok ok okl gk ogok
#WE NOW CHECK FOR AND REMUOVE ANY ROW WHERE TIME{I) = 0.0 AND

¥ PLOTFA(Io1) =00 ¥
e o ok oo ook ok ok skl ok ok koK ok ok ok o ol ok ok ook ook ok ok ko skl SOROROR Bk K koK R e R
I=1

N= NUMHETY

2002 CONTINUE

IFLTIMEL{LI}~=00320405200592040
2005 IF{FLOTFA{I+13-0:)2040,20155,2040
2018 N=N-1

IF{I-N)Z2025:2025,2050
2025 DO 2035 #=IsN

TIME{M)= TIME(M+1)

D0 20385 K=1+%

PLOTFA{MLK)= PLOTFA{(M#1,K}
2035 CONTINUE
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2040 I=1+41
IF{I-NJ} 2002:2002+205¢
208¢ CONTINLUE
WRITE{€E+152) IRUNA{L) 134
BRITE{E-154) TEMP
WRITE{S+153}
B0 2620 I=1oR
URITE{E-151) 1+PLUTFALIS1 ) PLOTFA(IS2)PLOTFA{TIe3)sPLOTFALLI )y
LTFALI »5)-PLOTFALIs0) s PLOTFA{ L7 )+ PLOTFA(I 8} PLOTFA( I8 TIME(L)
2020 CONTINUE
%ok R o oo R R R ROk e ol ok ok e o e o ook ook e e sl R e sk stk sk ok okl kol skokok ol oklok skl kok
¥ WE NGW CONVERT THE COLUMNS OF PLOTFA INTO THE LINEAR ARRAYS *
¥ Yls ¥Z2s =~ — — s ¥YG9s EACH ARRAY REPRESENTS THE PLOT FACTORS %
% - UF ONE BAND *
FEEFSEX T TR rRRRRpT R g R kR kR ko Rk ook Rk e ok R kR kR R &
DO 2083 I=isN
X{I)= TIMELI)
Y1{1I)= FLOTFA(I 1)}
Y241)= FLOTFA{1,2)}
Y3{1)= FPLOTFA{I.3)}
Ya{ld= FLOTFALI+4)
¥Y5{1)= FLOTFA{IL:5}
¥Y6{1)= FLUTFA{Is6)
Y7{1)= FLOTFA(Is7)
Y84 1I)= FLOTFALI8)
¥YS{i1d}= PLOCTFALI9)

PLG

%k o ok ko 3 o e e ok ok e e ok ko el ke dode koo sk Sk ok ok sk sk ek ke e ek e e e ok mofok olokeok

% WE NOW FORM Y(IJ) A LINEAR ARRAY FROM PLUTFA A RECTANGULAR B

¥ ARRAY ¥Y{1) IS5 USED FOR SCALING THE Y AXI1S el

e Fd g yiox kg fok iRk gk FdackrdokkRR okt ok ok dok ok dokd ok Bk dorF ok doR ks kok &
IF PROGRAM IS TO SCALE ITSELF » THEN USE CARDS WITH 1 IN COLUMN

740 IF PROGRAMER IS TO SCALE THE GRAPH HIMSELF, THEN USE CARDS

¥ITH 2 IN COLUMN 745

L=1%9

DO 20585 M=1,9

Li= {+1-¥

Y{LL)= PLOTFA{I M)
2055 CONTINUE
CALL PLOTS(BUF,2000)
CALL SCALE{X5300oNslo1000)
NN=N%G '
CALL SCALE{(Y9200sNNsl15100)

Ni= N+§
N2= N+2
Xi{NZ )=
X{Ni)=
Yill=
Yigi=

XSRS LFF TS e xR R PR R AT ke ARk Rk ek e Rk Ak R kb ek kR ok Ak kg

100
105
110
120

132
130
125
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240
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135
¥ HE NO¥ INSERY THE MINMUM VALUE AND SCALE IN UNITS PER INCH IM *
* £ACH ARRAY T0 BE PLOTTED AT POSITIONS YI{N+1) AND YIIN¥Z2)e *
FhEFEFAFF R RRRorfoRdoka Rk h kR ok kR d ke ok kR ok ko k R h Rk ko ko kg ks hdg

DG 2080 I=1is2

IN=1 2

Ii= N+I

IN=NNII

Yi{iI)= Y{IN}

Y2{113¥= YLIN}

Y3{1ld= Y{IN)

Y4{11l)= Y{IN)

¥YS5{11l)= Y{IN)

¥Y6{ild)= Y{IN)

Y7{113= Y{IN)

Y8{Ii¥=. ¥Y{IN}

¥YO4I1l)= YLIN}

CONTINUE

MM=N+1

MN=N+Z

CALL AXIS{02905es4HTIMEs~45300cs0a s X{MM)XIMN)» 1)
CALL AXIS{0090es6HY AXISs655200s90csY1{MM)sYI{MNI»104)

* IF AN ARRAY IS NOT TO BE PLOTTEDS THEN A € SHOULD BE PUNCHED =%
* IN COLUMN: ONE IN FRUONT OF CALL LINE(XsYIs Jo WHERE YI IS *
¥ THE ARRAY TO BE NEGLECTEDS ¥

CALL LINE{XsY1loNsls—1s514)

CALL LINE{XsY2sNsls—1512)

CALL LINE{X»>Y3oNsls—1s511)}

CALL LINE{XoY&sN31s—1,10)

CALL LINE{XsY¥S8sNsls—1y 51}

CALL LINE{X:¥6sNols—1ls 2)

CALL LINE{X:¥7oNs1s—1:6)

CALL LINE(X@YE{NQI&“lvO)

CALL LINE{Xo¥SeNsls—1s 7)

CALL SYMBOL{G 0 321090042:26HFIRST ORDER KINETICS GRAPHCos 26
CALL SYMBUL{Z2o9140090175 15HER Rk kd ks xRkt %Xo 005515}
CALL SYMBOL{2+513:85:1755 15H% %5009 15)
CALL SYMBOL{2c5130050175515H%  =3000 CM=1 %900 i5)
CALL SYMBOL{2039130720175s1%s0809~1}

CALL SYMBOLL{Z209130400175,15H% =1700 CM~1 %;0:515)
CALL SYMBOL{Z203913055017501825009~1)

CALL SYMEOL(209130200175515H% =1440 CM~1 %50cs15}
CALL SYMBOL({2035130350175+315000—13

CALL SYMBOL{(2:5130020175:315H% =1310 CM-1 %30.515}
CALL SYMBOLIZ2:39130150178530s009~—1}

CALL SYMEOL{20912085-.175s18H% =1225 (CM~-1 %50-15}
CALL SYNBOLL{203512:9530175455009—1}

CALL SYNBOLI{22951206001758:15H% =1175 CM—1 %50.515}
CALL SYMBOL{2:3912079217532s009—1}

CALL SYMBOL{Z025120%+50175518H% = 900 CM—1 ¥5009315}
CALL SYHBOLI{Z2-3512255178s69009~11
CALL EYMBOLI{Z20212:290175510H% = T60 (M~1 FoDe1i5H}

ek




- &10
411
- &1z
- &13

414
- &18
- &18
420
- 421
- &Z2Z

3001

- 3000

CALL
CALL
CaLL
CALL
CALL
CALL

5Y§€EDL42039i2¢393 1750500 s—1 3}
EYMBOL{26351220+-175:185H% = H£50 CM—1 %50.215)
EYMBOL{Z2233120132175s750s5—1)
EYMBBL{Qasllaasa1?5;'153'{* *sOnslS}
SYMBOL12201 1850175 15k ke kR ok kit kb ki Xs009 153
FLCT(BS» 9{?1\9"3)

CONTINUE

CALL
STCGP
END

FLEUTS{ 003022999}

136
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ABSTRACT

The behavior of malonic acid in various alkall halide matrices
upon application of heat has been investigated. It was found that
there are three distinct types of behavior exhibited by malonic
acid when it is mixed with an alkali halide salt, pressed into a
pellet and the pellet heated. These three reactions are characterized
as followss (1) "normal" behavior, i.e., decarboxylation of the
malonic acid to form acetic acid and carbon dioxide; (2) salt forma-
tion, a double decomposition reaction between the malonic acid and
the alkali halide used, resulting in formation of malonate salts;

(3) "anomalous" behavior, tentatively attributed to formation of a
s0lid solution between maloniec acid and the alkali halide matrix usedr
(observed only in the CsCl and "anhydrous" NaBr matrices).

The first of the above mentioned reactions has been sﬁudied\
extensively in the matrix, KBr, and partially in RbBr. First order
rate constants for the thermal decarboxylation of malonic acid in
KBr and RbBr have been obtained and, in the case of KBr, these rate
constants have been used to obtain activation parameters for the
thermal decarboxylation reaction. The activation parameters obtained
are,AIiix::25°7 +1 keal/mole., [154: = 10.5 + 1 cal/dego mole and
A(}¢T = 30,0 + 1 keal/mole. No difference in the rate of decarboxyla-

135°

tion was noted between KBr and RbBr.
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A section of the dissertation is devoted to the assignment of
infrared absorption bands to fundamental modes of vibrations for
the malonic acid molecule in salt matrices. This assignment has
been facilitated by using a simplified symmetry treatment in which
crystalline malonic acid is considered to consist of two independent

symmetry units.
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